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Dear Sir: 

In support of the accompanying response to the Office Action mailed December 
17, 2004 in the above-reference matter, I hereby declare as follows: 
/. My name is Nissim Benvenisty, M.D., Ph.D. I am a Professor at The Hebrew 
University in Jerusalem, Israel, in the Department of Genetics. I was formerly the Vice 
Chair of the Institute of Life Sciences at The Hebrew University, and have been a visiting 
Professor in the Department of Genetics at Harvard University in Boston, MA, among 
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other positions. I have been awarded numerous prizes and fellowships, including the 
Teva Prize for excellent research in stem cells in 2003, the Herbert Cohn Chair in Cancer 
Research during 1999, the Rom Prize in Genetics in 1998, a Howard Hughes 
Postdoctoral Fellowship from 1991-1993, and a Fulbright Postdoctoral Fellowship from 
1990-1991. I have published extensively in the field of stem cell research, and other 
areas, with over 65 publications, to date. I am also an inventor or co-inventor of a 
substantial number of patents involving (among other things) human embryonic stem cell 
research, and I am the sole inventor of the invention claimed in the current application. 
My further credentials are set forth in my Curriculum Vitae, which is attached hereto as 
Exhibit A. 

2. I have read the action of December 17, 2004. This declaration is provided to 
distinguish, on a technical level, why the claims in the above-referenced application as 
novel and non-obvious relative to the prior art references cited in the Office Action. This 
declaration is also provided to show that all of the pending claims for directing 
differentiation to specific cell types are enabled, by citing additional publications which 
rely on my protocols for preparing human embryoid bodies to direct differentiation of 
human embryonic cells into functional specific cell types. 

Consideration of the Prior Art 

3. The Examiner rejected claims 8, 9, 1 1, 12, 60 and 65 under 35 U.S.C. 103(a) as 
being unpatentable over Thomson et al. (1998) in view of Shamblott et al. (1998) and 
further in view of Yuen et al. (1998). As discussed in the March 3, 2005 interview, 
Thomson never satisfactorily verified that the human ES cell lines that were generated 
"maintained the potential to form derivatives of all three embryonic germ layers" (see 
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Thomson p. 1146, 1 st column, lines 30-32), because he relied on evidence of teratomas 
generated in SCID mice injected with said cell lines (id., p. 1 147, Figure 4) to conclude 
that his cells actually were pluripotent human ES cells. As pointed out by Shamblott on 
the first page of the cited reference (see Shamblott, p. 13726, col. 2) "ES and EG cells 
from some species can form teratocarcinomas when injected into histocompatible or 
immunologically comprised mice. This property alone may not be a definitive test of 
stem cell pluripotency, as it has been demonstrated that rat and mouse visceral (yolk sac) 
endoderm are capable of forming highly differentiated teratomas containing cells of all 
three embryonic germ layers." Nonetheless, assuming Thomson's cells actually are 
pluripotent hES cells, if one starts with Thomson's cells, and tries to apply the methods 
of Shamblott for hEG cells to form hEBs, and then use mouse protocols such as Yuen et 
al. to direct differentiation, one will not get the results we have seen, not would one in the 
art even combine these technologies. 

4. As already presented in my declaration of September 20, 2004 (Declaration 1) the 
human EG cells in Shamblott are very different from hES cells, with respect to many 
features. Any cell line deriving from hEG cells will be dissimilar from cell lines derived 
from hES cells. More importantly, my methods for forming hEBs and directing 
differentiation of human embryonic cells derived from those hEBs require dissociation of 
the hES cells initially used, followed by aggregation to hEBs, followed by additional 
dissociation of the hEBs to obtain dissociated human embryonic cells that can be treated 
with various factors to direct differentiation. 

5. As acknowledged in a News Focus in Science magazine (Vogel, G., (2002) Science, 
Vol. 295, pp. 1818-1820 - see Exhibit D of Declaration 1) under a section entitled 
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"Fundamental Firsts", my achievements of both embryoid bodies formation and directed 
differentiation of human ES cells are highlighted (see p. 1819, column 2, first full 
paragraph ("Their first project was to test whether human ES cells, like those from mice, 
can form . . . embryoid bodies. Initial studies by Thomson's group suggested they 
didn't. ... But by learning how to grow the cells suspended in liquid . . . [they] found that 
they could." 

6. Without the ability to start with actual pluripotent human ES cells, dissociate the 
hES cells and allow them to aggregate and form true human EBs, and then dissociate the 
hEBs into dissociated human embryonic cells, one would never be able to look to Yuen et 
al. and mouse protocols for directing differentiation of the dissociated EB-derived human 
embryonic cells. 

7. Later in the same section of the News Focus article in Science, my laboratory is 
credited with other firsts, verifying that I was first to successfully produce human 
differentiated ES cells. See last line of column 2 through column 3, line 10 - 
"Benvenisty and company scored several other firsts. In October 2000 the team . . . 
published the first paper on how growth factors . . . prompt human ES cells to mature into 
different types.") 

8. Moreover, Shamblott admits that their EB-like aggregates formed from human EG 
cells cannot be sufficiently dissociated after aggregating to form the EB-like bodies (see 
Shamblott et al., p. 13729 col. 1, para. 1 and col. 2, para.4 - "Alternative disaggregation 
enzymes are currently under investigation" because trypsin/EDTA is not effective, a step 
essential for directing differentiation into specific cell types.) This second dissociation 
step is essential for directing differentiation of human embryonic cells derived from 
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hEBs. For these reasons, it was not obvious to produce differentiated cells from human 
EBs and the establishment of embryoid bodies from human ES cells may be considered a 
new and not obvious technology since it was developed at a time when all the research 
reported that such technology was not possible (Reubinoff et al, 2000). As stated in 
Declaration 1, when I attended a conference in 2001 and presented my results showing 
human embryoid body formation from human ES cells and subsequent directed 
differentiation of the human embryonic cells, and many experts in the field simply did 
not believe me (including Reubinoff), questioning my results intensely. Therefore, the 
combination of Thomson, Shamblott and Yuen would never be made by someone on the 
field trying to form true human EBs and then dissociate them to dissociated human 
embryonic cells that can be treated with various factors to direct differentiation. And 
even if such a combination were attempted, it would not be successful. 
9. With respect to enablement for the specific differentiated cell types claimed, and 
whether our methods for directing differentiation lead to functional cells, I have provided, 
with this declaration, several articles (see Exhibits B-E, attached hereto) -published by 
others in the field using my methodologies for forming hEBs and then directing their 
differentiation into functional cells. These article support our pending claims for 
directing differentiation of human embryonic cells derived from hEBs into specific cell 
types wherein the differentiated cells so obtained are functional. The results by these 
other researchers show that someone in the field who uses the methodologies we claim in 
the instant application obtain differentiated cells that are functional. Therefore, our 
methods and claims are enabled for directing differentiation into specific cell types. 
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10. For example, Carpenter et al. (Exp Neurol (2001) 172:383-397, "Enrichment of 
Neurons and Neural Precursors from Human Embryonic Stem Cells"- attached hereto as 
Exhibit B) used undifferentiated hES cells (HI, H7 and H9 cells) to produce human EBs 
using a protocol nearly identical to mine, and then directed differentiation of dissociated 
ES from the EBs using retinoic acid followed by culturing in differentiation medium 
(containing human neurotrophin-3 (hNT-3) and human brain-derived neurotrophic factor 
(hBDNF)). Analysis indicated that the resulting differentiated hES cell-derived neurons 
could synthesize neurotransmitters, respond to neurotransmitters, make synapses, and 
generate electrical activity (see pp. 390-392 and Figs. 3-7). 

11. In addition, Kehat et al (J Clin Invest (2001) 108(3):407-414 "Human embryonic 
stem cells can differentiate into myocytes with structural and functional properties of 
cardiomyocytes" - attached hereto as Exhibit C) cite and follow my protocols for both 
formation of human EBs from hES cells (reference 12 - Itskovitz-Eldor et al. - in Kehat et 
al.) and directed differentiation (reference 13 - Schulbinder et al - in Kehat et al.) (see 
col. 1, p. 408 of Kehat et al.). Kehat et al. show in this paper that hES cell-derived 
differentiated myocytes form spontaneously contracting areas (see pp. 410 - 412, Figs, 
lb, and 3-6) 

12. Following this initial study, Kehat et al. showed that hES cell-derived 
cardiomyocytes were able to form structural and electromechanical connections with 
cultured rat cardiomyocytes (see Kehat et al., Nature Biotech (2004) 22(10): 1282-1289 
"Electromechanical integration of cardiomyocytes derived from human embryonic stem 
cells" - attached hereto as Exhibit D) The two Kehat papers rely on my previous 
published procedures for generating EBs from hES cells and directing differentiation of 
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dissociated hES cells, and verify that using my differentiation procedures, functional 
myocytes, particularly cardiomyocytes, are formed." 

13. Finally, Assady et al. (Diabetes (2001) 50: 1691-1697 "Insulin Production by 
Human Embryonic Stem Cells" - attached hereto as Exhibit E) cite my protocols as 
references 16 and 19 and use my protocols to generate EBs (see "Research Design and 
Methods," p. 1692 of Assady - ref. 19 - for production of EBs). Assady et al. 
specifically cite my PNAS paper, one of the publications that forms the basis of this 
application, as having used RT-PCR to detect a wide variety of differentiated cell 
markers, including insulin (see Assady et al., p. 1691, col. 1). Assady et al. then use 
protocols I developed for generating EBs from hES cells (id. 9 p. 1692, col. 2) and verify 
that one can direct differentiation of hES cells after forming EBs into human pancreatic 
cells that are functional, as verified by their ability to secrete insulin, and are probably 
also glucose responsive (although that could not be absolutely confirmed because of the 
experimental parameters.) 

14. Therefore, based on our specification and disclosed protocols, and supported by 
other researchers using my protocols to direct differentiation of human embryonic cells 
derived from hEBs into functional specific cell types, which confirm that the protocols 
disclosed in the present application, if followed, will in fact lead to functional 
differentiated cells, I believe that our methods and claims for directing differentiation of 
human embryonic cells into specific cell types are fully enabled. 

15. I hereby declare that all statements made herein are of my own knowledge and that 
all statements made on information and belief are true; and further that these statements 
are being made with the knowledge that willful false statements and the like so made are 
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punishable by fine or imprisonment or both under Section 1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 

Benvenisty, M.D., Ph.D. 

Dated: March ,2005 

371498vl 
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B - Carpenter et al., Exp Neurol (2001) 172:383-397, "Enrichment of Neurons and Neural 
Precursors from Human Embryonic Stem Cells." 

C - Kehat et al., J Clin Invest (2001) 108(3):407-414 "Human embryonic stem cells can 
differentiate into myocytes with structural and functional properties of cardiomyocytes. 
D - Kehat et al., Nature Biotech (2004) 22(10): 1282-1289 "Electromechanical 
integration of cardiomyocytes derived from human embryonic stem cells." 
E - Assady et al., Diabetes (2001) 50:1691-1697 "Insulin Production by Human 
Embryonic Stem Cells." 
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m"Zth T Stem (hES) Ce " S P™«ferate and 

S m k r" P riP °f nCy for ° ver a * ear * ■*« (M. 
Amit M. K. Carpenter, M. S. Inokuma, C. P. Chiu C P 

Barns, M A. Waknitz, J. Itskovitz-Eldor, a^d' J A 

Thomson 2000. Dev. 227: 271-278) and may there-' 

fore prov.de a cell source for cell therapies. hES ce Hs 

were maintained for over 6 months in 5£ ^ r fm 

tiate uito the neural lineage was evaluated. Differen- 

xes ZT ^ f0rmati ° n »f embryoid b^- 

SJ? ♦ ^ Subse< » uentl y Plated onto appropriate 
substrates in defined medium containing^itog^ 
These populations contained cells that showed oo^-' 

ceU "T Un ° reaCt i Vi ^ to nesti ". Polysialylated neural 
ceU adhes,on molecule (PS-NCAM) and A2B5. After 
further maturation, these cells expressed additional 
neuron-specific antigens (such as MAP-2, synaptophv 
su,, and various neurotransmitters). CalciuTSS 

^miSr ed T ^ Ce " S reS *°" ded ^-o 5 
~ shXd J? „ ^ Elect ">P h y«ological analy- 
st? ! ?" Ce " membra n«s contained voltage- 
dependent channels and that action potentials were 
tnggered by current injection. PS-NCAM and S 
jmrnunoselection or culture conditions could be used 
to produce enriched populations (60-90%) wh!ch 
could be further differentiated into mature neurons 
The properties of the hES-derived progenitor^' 
neurons were found to be similar to tC o7ceHs 

hUS* ce Is could provide a cell source for the neural 
proge mtor cells and mature th^uS 
and topological uses, c ^o, Elsevler Science U, «P««« 
JO? Words: embryonic stem cells; NRPs; GRPs- dif 
ferentiation; development; progenitor cells; stemcelJs 
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firelsivf pltr 1 ?" 16 "' inV ° lveS S ^ uential ^ pro- 
gressive restriction in cell fate. As develooment 

EEELS'ES stem cells generate 

neuronal and glial precursors that ultimately generate 
differentiated neurons, astrocytes, and olfgKdro 
cytes (reviewed in 13, 20, 26). Multiple classes of m U . 

Sed P a ;r m S a ° r ; ellS , haVe b6en identified ' cha -«er- 
izea, and maintained in culture (15 ?R ?q\ o 

not ldenticaI ' to ^ rodent 

One of the significant challenges in this work is the 
acquisttion of sufficient quantities of human neur J 
cells for both basic and applied research. Primary ceHs 
can be propagated by serially passaging dividing hu 
man precursors (6, 30, 32), and while little s known 
about the long-term effects of cell culture, at leasee 
data sugg est that after prolonged culture the d ffereT 
tiation potential is limited (1 2 25) ameren- 

rpl t n a l ternatiVe t0 USin 8 fetaI tissu 'e or progenitor 
cells is to use a naturally immortal stem cell the em 
bryomc stem (ES) cell. In addition to being inmorta^" 

Tm sl CGl \ " neS ^ b6en Sh0W " » £ ™ent 
9, 18). Several recent reports (27, 31) have described 
the generation of human ES (hES) cell lines. The hES 
cells express telomerase (2). an enzyme demonstrated 
to immortalize cells in culture without induTinrmaS 
nant transformation (4. 14). These hES ceH Unas htve 
been maintained in continuous culture for over a year 
over 250 population doublings) and retain their din 
oid status and the ability to differentiate into cells of 
he ectodermal, endodermal, and mesodermal lineages 
(2) hES cells, therefore, may provide a potential^ 

Several groups have devised paradigms to bias dif 
feren iation of mouse ES cells by manipulating Sture 
conditions Bain et al, (3) for example described a 
method of aggregation and retinoic acid I SSSn? 

0014-4886/01 $35.00 
* 2001 Elsevier Science 
All rights reserved. 
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p38 hES cells. (D and E) /3-Tubulin III (D) and Tra 1-81 (E) inrnunoreacdvitv S 1 ™ n ° r ««ivity in an undifferentiated colony of H7 
of marker expression in undifferentiated colonies. Im ™reactiv lt y are colocahzed in an undifferentiated H7 P 26 colony. (F) Table 



where as many as 40% of the total differentiated pop- 
ulation consisted of neurons. Okabe et al (22) used 
specific culture conditions to isolate a relatively homog- 
enous population of nestin-immunoreactive neural 
stern cells while Mujtaba et al. (21) used cell surface 

™, ? ^o?l a A d P x 0, y sial y la "d neural cell adhesion 
molecule (PS-NCAM) to isolate neural and glial pre- 
cursors from differentiating ES cell cultures 

In this report we describe a protocol for biasing hu- 
man ES cell differentiation to generate neural deriva- 
tives. We show that neurons obtained in culture can 
mature, synthesize neurotransmitters, respond to neu- 

XL a ^ itterS 3nd 3re electrica »y active. We show 
that differentiation is preceded by the generation of 
neural precursors that can be selectively purified from 
other cells by magnetic bead sorting. Furthermore, the 
hfcb-denved neural precursors and neurons appear to 
have similar characteristics to cells derived from pri- 
mary fetal spinal cord tissues. 

MATERIALS AND METHODS 



Substrate Preparation 

Fibronectin (Sigma) was diluted to a concentration of 
20 Mg/ml in distilled water (Sigma). The fibronectin 

f Pplied t0 tissue cult "re dishes for a min- 
imum of 4 h. Laminin (Sigma), used at a concentration 

IT?' WaS ] dissolved in Dp BS (Dulbeccos phos- 
Hucue-ourrered saline, Gibco-BRL). In some case Dlates 
were predated with poly-L-lysine (30-70 kDa) (Sigma 
inc.). Poly-L-lysine was dissolved in distilled water 



(13.3 M g/ml) and applied to tissue culture plates for an 
hour. Excess poly-L-lysine was withdrawn and the 
plates were washed once with sterile water and al- 

53 I fnZ ?■ P0l ^- lySine Pl3tes Were ^ c °*ed 
wftFNalution and/or laminin as described above 

Matngel Becton-Dickinson, Bedford, MA) was diluted 
1.30 in cold Knockout DMEM (KO-DMEM) (Gibco) and 
coating was performed according to manufacturer's in- 
structions. Plates were incubated at 4°C for at least 
overnight or at room temperature for 1 h. 

Human ES Cell Culture 

Male (HI) and female (H7 and H9) hES cell lines (31) 
were maintained as previously described (33) Briefly 
cultures were maintained on Matrigel in MEF-condi- 
tioned medium (CM). CM was generated from hES cell 

EST ?n^2 C T P ° Se c ° f 8 ° % Knockout DM EM 
(Gibco) 20% Knockout Serum Replacement (Gibco) 

0.1 mM /3-mercaptoethanol, 1 mM glutamine, and 1% 
~!f a ™ no acids . supplemented with 4 ng/ml 

S , n t / 0) i CU t tUreS W6re paSSa 8 ed ^ incubation 
l 200 :" ^ 1 collagenase IV (Gibco) for about 5-10 
mm at 37 C and then gently dissociated into small 
clusters in CM. Cells were passaged about once every 
week. Conditioned medium was generated from MEF 
(primary mouse embryonic fibroblasts), collected daily 
and used immediately for feeding hES cultures. Before 
addition to the hES cultures this conditioned medium 
hhFr S T7 U ^ K m ?^ d With a " add ^onal 4 ng/ml of 

with Fs£ h"? " Ce " S f ° r g enera «ng CM wer? refed 
with ESM daily and used for 7-10 days. 
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A2B5 Expression in 
Proliferation Conditions 



FIG. 2. Characterization of differentiated hES cells (A) Srhpm^ti. „r ^rr ■ . A2B5-PE 

DME^ 2 in T m - containing medium ***^^^£T£^^T T s J e gen f ated {rom hES ««» - 

DMEM/F-12 medium supplemented with B27. 10 ng/ml hEGF 10 rJnU hbFCF Tnl^l hPnrl ?T P ' ated ° nto fib ™nectin-coated plates in 
mmunc^ochemical evaluation. (B) Three days afteT plating, m Z SexprSs N^KSP^ J "J 3 ""' WGF " 1 for 3 ~ 4 *** bef °"= 
Kl Table of marker expression ta nestm.^^ cel]s £ mit0 L ra ^ C6 " S HQ n?7 hq ,^?uf d ma " y ° f 1,1656 ceils Corporate BrdU (red) 
(D and E) PS-NCAM (red) and 0-tubulin HI (D) or MAP-2 oKL^vlS SIS" 7 ? f ^ Ce " S differentiated « "escribed -A." 
Table of marker expression in PS-NCAM-positive cells. (G and IM AZEkS »S k \^£f M2Bd ,n Ce " S With a neuronal morphology. (F) 
colocahzed in cells with a neuronal morphology. (I and J a" bpJwS o A^/ t n ( ° 0r MAP " 2 (H) immu no^ctivities (gree^ are 
m A2B5-positive cells. (L and M) GFAP colonizes wrth CD-7 ^ uvf^CS "^'T!^ C ° ,0Ca]iZ6 GFAP ' (K) Ta "le of marker egression 
mcubatton in 10 ,„M RA and plated under proliferation conditions fo Itel wZT ° f ^ eXpr6SSi0 " " 9 p26 C6 " S differentiated^ bv EB 

■nuns ior o days. Ninety-six percent of the cells are expressing A2B5. 
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Differentiation ofhES Cells 

Embyroid bodies (EBs) were formed by harvesting 
undifferentiated ES cultures by incubation with 200 
U/ml collagenase at 37°C for 5-10 min. Cells were 
gently scraped from the dish and resuspended in ul- 
tralow attachment polystyrene plates (Corning) in me- 
dium composed of KO-DMEM, 20% FBS, 1% nonessen- 
tial amino acids, 1 mM glutamine, and 0.1 mM /3-mer- 
captoethanol. In some experiments, 10 fiM all-trans 
retinoic acid (RA) was added to the EBs in suspension. 
After 4 days in suspension, EBs were plated onto poly- 
L-lysine/fibronectin-coated plates in proliferation me- 
dium composed of DMEM/F-12 with B27 and N2 sup- 
plements (Gibco) and 10 ng/ml human epidermal 
growth factor (hEGF), 10 ng/ml human basic fibroblast 
growth factor (hbFGF) (Gibco), 1 ng/ml human plate- 
let-derived growth factor-AA (hPDGF-AA) (R&D Sys- 
tems), and 1 ng/ml human in§ulin-like growth factor- 1 
(hIGF-1) (R&D Systems). After 3 days under these 
conditions, the cells were harvested with trypsin and 
replated in differentiation medium composed of Neu- 
robasal medium (Gibco) supplemented with B27, 10 
ng/ml human neurotrophin-3 (hNT-3) (R&D Sys- 
tems), and 10 ng/ml human brain-derived neurotrophic 
factor (hBDNF) (R&D Systems). These cultures were 
fed three times per week and fixed after 14-16 days. 



Primary Cell Culture 

Human cells (12-20 weeks gestation) obtained from 
Clonetics were trypsinized for 3 min, neutralized with 
10% serum-containing medium, centrifuged, and re- 
suspended in NEP basal medium containing hbFGF. 
Cells were gently triturated with a fire-polished pipet 
to a single-cell suspension. The dissociated cells were 
plated at a density of 2000-5000 cells per 12- or 18-mm 
poly-L-lysine/laminin-coated glass coverslip or 35-mm 
poly-L-lysine/laminin-coated tissue culture dish. The 
NEP basal medium (15) used in all experiments con- 
sisted of DMEM/F-12(GIBCO) supplemented with N2 
hbFGF (25 ng/ml), and 10 ng/ml NT-3. Differentiation 
was induced by reducing concentrations of hbFGF to 10 
ng/ml and adding 1 fjM RA and 10 ng/ml bone morpho- 
genic protein. Cells kept under these conditions for 
over 14 days were considered differentiated. 

Flow Cytometry 

Cells were dissociated in 0.5 mM EDTA in PBS and 
resuspended to about 5 X 10 5 cells in 50 diluent 
containing 0.1% BSA in PBS. For analyzing surface 
marker expression, cells were incubated with mouse 
primary antibodies (PS-NCAM) (1:1) and A2B5 (1:1) 
(Developmental Studies Hybridoma Bank, University 
of Iowa, Iowa City, IA) diluted in the diluent at 37°C for 
30 min. After washing with the diluent, cells were 
incubated with PE-conjugated rat anti-mouse *-chain 



antibodies (Becton-Dickinson, San Jose, CA) at4°C for 
30 min. Cells were washed and analyzed on FACS 
Calibur flow cytometer (Becton-Dickinson, San Jose 
CA) using CellQuest software. 

Immunocytochemistry 

For surface markers, cells were incubated with pri- 
mary antibodies [stage-specific embryonic antieen-4 
(SSEA-4) (1:20), A2B5 (1:1), PS-NCAM (1:1) (Develop- 
mental Hybridoma Bank), and Tra 1-81 (1:80) (a gift 
from Dr. Peter Andrews)] diluted in KO-DMEM sup- 
plemented with 1% goat serum at 37°C for 30 min 
After washing with PBS, cells were incubated with the 
FITC-conjugated goat anti-mouse IgG (1:150) (Pharm- 
ingen) or Texas Red-conjugated goat anti-mouse IgM 
(1:150) (Jackson) at 37°C for 30 min. Cells were then 
washed with warm KO-DMEM and fixed in 4% para- 
formaldehyde for 15 min, washed, stained with DAPI 
and mounted. 

For other immunocytochemistry, cells were fixed in 
4% paraformaldehyde at RT for 20 min followed by 
permeabilization for 2 min in 100% ethanol. After fix- 
ation, cells were washed 2X with PBS, blocked with 
10% normal goat serum in PBS at RT for 2 h or at 4°C 
overnight, followed by incubation at RT for 2 h with a 
primary antibody in PBS. After washing, cells were 
incubated with appropriate secondary antibodies in 
PBS containing 1% normal goat serum at RT for 30 
min. Cells were then washed in PBS, stained with 
DAPI, and mounted. Antibodies included jS-tubulin III 
(1:1000, Sigma), GABA (1:200, Sigma), glial fibrillary 
acidic protein (GFAP) (1:500, DAKO), microtubule-as- 
sociated protein-2 (MAP-2) (1:500, Boehringer), CD-44 
(1:100, Accurate), muscle-specific actin (1:50, Dako) 
neurofilament (1:1000, Sternberger) , synaptophysin (1:' 
10, Boehringer), tyrosine hydroxylase (1:200, Chemicon) 
human-specific NCAM (1:200, Chemicon), Texas Red- or 
FITC-conjugated goat anti-rabbit (1:150, Jackson), and 
Texas Red- or FITC-conjugated goat anti-mouse (1:150, 
Pharmingen). Antibodies to glutamate and glycine were 
obtained from Signature Immunologicals and used ac- 
cording to manufacturer s recommendations. 



BrdU Incorporation 

To assess proliferation of neuronal precursor cells 
5-bromo-2'deoxyuridine (BrdU, Sigma) at a concentra- 
tion of 10 /xM was added to the cells for 24 h. Cells were 
then fixed with 2% paraformaldehyde for 15 min at 
room temperature followed by 95% methanol for 30 
min at -20°C. Cells were then washed 3x with PBS 
and 5% goat serum and permeabilized with 2 N HC1 for 
10 min. Acid was removed by washing 3x with PBS 
and 5% goat serum and the residual HC1 was neutral- 
ized with 0.1 M sodium borate (Sigma) for 10 min. 
After rinsing with PBS, cells were incubated with anti- 
BrdU antibody (Caltag, 1:200) for 30 min at room tern- 



5" ? BS Wi ? 5 /0 g ° at SCrum and 0-5% Triton 
F T? ,n W l re the " incub «ed with Texas Red or 
I ; r JU #n ted g ° at anti ^ouse antibody (Jackson 

Magnetic Bead Sorting 
Cells were harvested by Incubation with trypsin/ 

Iota (M TcTh1 f e< V n PBS w,th a5% BSA »"« S 

<wiee y i„ MACS b^^lLed wi^Cs "rati™ 
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increases in calcium were cnn<!ivw^ 
calcium levels rose to above wtof Z 7*°?* * 
within 60 s from application and ^2^2 V ^ Ue 
within 1-2 min. returned to baseline 



Electrophysiology 



Quantitation of Immunocytochemistry 



ncSSS'SS' Thr a 7 m .P lished * anting i mmu . 
domly feting and counting 1^!^ 

These numbers were then Lnmedto gTve a ot al va up 
SLn^SEMf 3 ^ t UbSeqUent * avefagedr^e 11 : 

the'cS/bSy " Pr ° CeSS th3t W3S 2X the di -eter of 

Calcium Imaging 

clamoWh FUra " 2 imaging and whole-cell patch- 
H fi All hniqU6S Were used as Previously described 

u!^:i°Z!^ l r ° f C6l,S --itermtd 
calcium (Sa-n S ^ inCre3Ses in 
mitter? or elevar P H T ap P ,ication ° f "eurotrans- 
stud ed were used at o ^"^nsmitters 
MM a d incluS^^ 
elevated potassium (50 mM K* instead of % il K+< 
ascorbic acid (control), dopamine, acetylcholine^^h ' 
and norepinephrine. All neurotransmitter sol f,^' 
were made with rat Rineers fRRl ,Jh T soIu ^ons 
mM): 140 NaCl, 3 KC Tu g Cl 2 2 Cad Zu^ ° f (in 

at P? . « ,/ W6re Perfused ln the wording chanTber 
at 1 2-1.8 ml/min and solutions were applied hlTJl 

imately 0.2 ml upstream of the bath inport. Tramiem 



used^n W , h ° le " Ce11 P atch ' d ™P techniques were 
cell in ,hp t ^ CUrr6ntS from ES-derived NRP 

RESULTS 

ES Cells Differentiate into Neural Derivatives 

In these experiments, two female (H7 and HQ> , a 
one male (Hi) undifferentiated hES cell Hnpl 

caHy stable. The mmSSS^^S, 

taeraseactivi^nS he^Seren^d co!" 
basel.ne expression pr„ fi le In hES cells we evaLa ed 

OFAP, ga actocerebroside (GalC), a-feto protein (AFpT 
X, TfTdT^^ 3Ctin (--Prized inTelK 

ated cell mass such as muscle cells or AFP-posSv e 
ceHs. Unexpectedly, we found that morphologically un 
differentiated human ES cells showed poskfve Smu" 
noreactivity for ^-tubulin III, which has been Xi" 
ously reported to be neuron-specific (10. 11) Thfs im 
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Synaptophysm 


D 











Glycine 



munoreactivity colocalized with ES-specific markers 
such as Tra-1-81 (Figs. ID and IE) and appears as a 
filamentous stain within the cytoplasm. Upon differen- 
tiation into neurons, /3-tubulin III immunoreactivity 
was also detected in cells with neuronal . morphology 
(see below). 63 

Murine ES cells have been shown to be capable of 
differentiating into neural precursors (21), neurons 
astrocytes, and oligodendrocytes (3, 5, 19). To deter- 
mine if hES cell lines could be used as a source of 
precursor cells, we evaluated several differentiation 
protocols and optimized a sequential procedure that 
allowed a significant fraction of cells to differentiate 
into neurons (summarized in Fig. 2A). The first stage of 
drtterentiation was induced by the formation of EBs in 
i-BS medium with or without 10 yM RA. After 4 days 
in suspension, EBs were plated onto fibronectin-coated 
plates in defined proliferation medium supplemented 
with 10 ng/ml hEGF, 10 ng/ml hbFGF, 1 ng/ml hPDGF- 
AA, and 1 ng/ml hIGF-1. Under these conditions, the 
adhered to the plates and cells began to migrate 



and proliferate on the plastic, forming a monolayer 
After 3 days under these conditions, many cells with 
neuronal morphology were present. The cultures were 
then examined for the presence of ectoderm, meso- 
derm, and endoderm derivatives. In these experi- 
ments, we used three hES cell lines: HI. H7, and H9 
(31). Similar results were found with each line 
Immunocytochemical analysis 3 days after plating 
in Proliferation medium showed that dividing nes- 
tin-immunoreactive neural precursor cells, as assessed 
by BrdU incorporation, were identified in HI cultures 
(Fig. 2B). A subset of the nestin-positive cells coex- 
pressed neural progenitor markers such as PS-NCAM 
and A2B5 but did not express markers for more mature 
cells (see table in Fig. 2C). In all three lines, putative 
neuronal and glial progenitor cells were also identified 
in cultures maintained in proliferation medium by the 
presence of PS-NCAM and A2B5 immunoreactivity In 
initial experiments. EBs were cultured in the absence 
of RA. After plating these cells in proliferation me- 
dium, 56 ± 14% (four separate experiments, two cell 
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-100 mV 




h™ ^^S^^^^SZ^^S^^^ P ° ten0alS - (A > -pressed by 

potentials between -80 and 80 mV from a hXg ™teS of^OO V^"" 1 Tf ^ CUrrentS Whe " to test 

relationships. The P-k current-voltage relationships^ « Current-voltage 
in A. Sodium current activates between -30 and 0 mV reachine a oeak at -In nV n^.v p ° utward (K ■ °P en Wangles) potassium currents 
mV and becomes equal to or larger in magnitude than ^ f ? ° r ° T " Potass,um curr ent activates at voltages above - 10 

cells (A) generated'action potentials irTrS^ £2 Se 3^£T S S (^T^ betWee " ^ 4 ° (Q ACti ° n ^ »«™ 

by injecting -80 or -150 dA of currpnt ri^i ™!™h aepolanzin 8 stimuli. Cell membranes were held at voltages between -60 and -100 mV 

160 i 80 g pA or L ,0^ du"^^ IS^^S^"*" ^ ^ * <4°^ current 4^ 

generated action potentials with thresholds above -30 mT&ZS de P° la ™"g (0.5 ms) 

slowly depolarized to rest; in some cases, a second, abortive e^^^^^^^^^ 011 P° tentials as membranes 
color coded to corresponding voltage waveforms ei^^^T^^ * ^ mjeCti ° n pr0tOCols shown in bott ™ ^ets, 



lines) of the cells expressed PS-NCAM and 65 ± 9% 
(four separate experiments, two cell lines) expressed 
A2B5 as measured by flow cytometry. However, when 
EBs were maintained in 10 jllM RA before plating in 
proliferation medium, 87 ± 9% of the cells were positive 
for A2B5 or PS-NCAM using flow cytometry (Fig. 2N). 

Using immunocytochemistry, the morphology of the 
PS-NCAM-positive cells appeared mostly neuronal and 
a subpopulation of the PS-NCAM-positive cells also 



expressed /3-tubulin III or MAP-2 (Figs. 2D and 2E). 
However, colocalization with glial markers such as 
GFAP and GalC was not identified. Occasional clusters 
of cells expressing muscle-specific actin or AFP were 
identified; however, these markers did not colocalize 
with any neuronal or glial markers tested (summa- 
rized in the table in Fig. 2F). 

Examination of the A2B5-immunoreactive popula- 
tion showed two different phenotypes: flat cells and 



390 



CARPENTER ET AL. 



A Plate 1 



n 07 
S 08 



Plate 2 



Tm>« 



B 



Neurotransmitter 


% of NCAM+ Cells 




Responding 


50 mM K+ 


94.3 ± 3.2 


GABA 


81.1 ±5.4 


Giutamate 


15.1 ±5.0 


Glycine 


13.2 ±4.7 


Dopamine 


3.8 ± 2.6 


Acetylcholine 


79.2 ± 5.6 


ATP 


, 94.2 ± 3.2 



FIG. 4. Human ES-derived NRP cells responded to neurotrans- 
mitters with increases in cytosolic calcium. (A) Individual cells re- 
sponded to a subset of neurotransmitters. Ratioed emission data 
from single cells from two different coverslips. Approximate [Ca 2+ ], is 
estimated by the right ^axis. Both cells responded to GABA, ele- 
vated potassium, acetylcholine, and ATP. The cell from plate 1 re- 
sponded with a larger [Ca 2+ ], increase to GABA than to ACh, while 
the opposite was true for the cell from plate 2. Neurotransmitter 
applications are shown by labeled triangles. (B) Table indicating 
frequency of cells responding to specific neurotransmitters (n = 53). 

neuronal-like cells (see below). A subpopulation of the 
neuronal-like cells showed colocalization with neuro- 
nal markers such as j3-tubulin III (Fig. 2G) and MAP-2 
(Fig. 2H). Using a human-specific NC AM antibody we 
found that A2B5 and NCAM are coexpressed in a pop- 
ulation of cells which have neuronal morphology. A 
subpopulation of the A2B5-positive flat cells expressed 
GFAP (Figs. 21 and 2J); however, the flat cells were not 
seen to express neuronal markers. It is unclear 
whether the remaining flat cells represent progenitor 
cells or an unidentified differentiated cell type. 

Astrocyte formation was considerably less abundant 
than neuronal formation in these cultures. In addition, 
GFAP-positive cells were found in patches associated 
with neurons and were not colocalized with more ma- 
ture neuronal markers, such as MAP-2 and neurofila- 
ment. A subpopulation of GFAP-positive cells was also 
found to coexpress CD-44 (Figs. 2M and 2N). GalC- 
positive cells were also identified in these cultures; 
most of these cells showed a flat, polygonal morphology 
and only a few cells had a process characteristic of 
oligodendrocytes. Because of the low abundance of 
GFAP and appropriate GalC-positive cells, we were 
unable to obtain accurate cell counts for these popula- 
tions. 

Similar data were collected from all three lines at 
various passages (26 to 31 passages or 125-150 popu- 
lation doublings) tested. Thus, hES cells can be in- 



duced to differentiate into neural derivatives that ex- 
press nonoverlapping lineage-specific markers under 
appropriate differentiation conditions. 

i 

hES Differentiate into Mature Neurons 

To determine if hES cell-derived neurons could mature 
in culture, we assessed their ability to synthesize neuro- 
transmitters, respond to neurotransmitters, make syn- 
apses, and generate electrical activity. In these experi- 
ments, EBs treated with RA and placed into proliferation 
medium were replated into differentiation medium. Un- 
der these conditions, neurons with extensive processes 
could be seen after approximately 7 days. After 8-16 
days these cultures were immunostained for the pres- 
ence of neuronal and glial markers. For neuronal quan- 
titation, MAP-2 immunoreactivity was used rather 
than ^-tubulin III because of the ^-tubulin III expres- 
sion identified in the undifferentiated cultures. Cul- 
tures differentiated for 14 days contained 20-30% 
MAP-2-positive cells (Fig. 3A) and express synaptophy- 
sin (Fig. 3B). Although the cultures in proliferation 
medium contain high percentages of PS-NCAM and 
A2B5 cells, we obtained 30% MAP-2 -positive cells upon 
differentiation. Although there are a small number of 
astrocytes present under these conditions, the remain- 
der of the population requires further evaluation. It is 
likely that the remaining cells include neuronal and 
glial progenitors, but exact quantification will require 
further experimentation. 

The above experiments include RA during the for- 
mation of EBs. We also evaluated whether the pres- 
ence of RA was necessary for the formation of neurons. 
Using the H9 line at p25, we found that EBs main- 
tained in 10 /xM RA and further differentiated as de- 
scribed above generated considerably more neurons. In 
these experiments, cultures exposed to RA contained 
26.5 ± 5.4% (n = 6 wells) MAP-2-positive cells while 
cultures derived from EBs maintained without RA con- 
tained only 5.7 ± 2.4% (n = 6 wells) MAP-2-positive 
cells. As seen previously, GFAP-immunoreactive cells 
were observed in patches. These data indicate that 
while RA is not necessary for the formation of neurons, 
the presence of high concentrations of RA appears to 
enhance the formation of neurons. 

The presence of neurotransmitters was also as- 
sessed. After differentiation of the H7 or H9 lines 
GABA-immunoreactive cells were identified which co- 
expressed j3-tubulin III or MAP-2 in three separate 
experiments (Fig. 3C). Most of these cells had a neuro- 
nal morphology but occasional GABA-positive cells 
were identified that did not coexpress neuronal mark- 
ers; these cells had an astrocytic morphology. TH-pos- 
itive cells which coexpressed MAP-2 were identified in 
all experiments (five experiments) (Fig. 3D). In these 
experiments, approximately 3% of the MAP-2 cells ex- 
pressed TH (three experiments). In addition, expres- 
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sion of glutamate and glycine was identified (Figs. 3E 
and 3F) after differentiation of the HI line. 

Functional Activity of Neurons Derived from hES 
Ceils 

Calcium imaging. To assess the capacity of hES- 
derived neurons to respond to neurotransmitters, EBs 
were generated from the HI cell line, plated in mito- 
gens, and then replated in NT-3 and BDNF for 7 days 
as described above. Calcium levels were examined in 
PS-NCAM-positive cells after perfusion with various 
neurotransmitters or 50 mM potassium using Fura-2 
imaging. Of the 53 cells tested, 94.3 ± 3.2% responded 
to elevated potassium, and most of the cells responded 
to GABA, acetylcholine, and ATP while only 3.9% 
failed to respond to any of the agonists applied (Fig. 
4A). These data are summarized in the table in Fig. 4B. 

Electrophysiology 

In addition to the presence of neurotransmitter re- 
ceptors, we evaluated the presence of voltage-operated 
channels using patch and voltage clamping. HI cul- 
tures carried in parallel to the cultures used for cal- 
cium imaging were used in these experiments. Of the 
six PS-NCAM-positive cells tested, all six expressed 
sodium and potassium currents (Figs. 5A and 5B) and 
all six fired action potentials when held at hyperpolar- 
ized potentials and injected with varying amplitudes 
and durations of depolarizing currents (Fig. 5C). Pas- 
sive membrane properties were determined with volt- 
age steps from -70 to -80 mV and we calculated the 
average capacitance (Cm) to be 8.97 ±1.17 pF, mem- 
brane resistance (Rm) to be 487.8 ± 42.0 MO, and 
access resistance (Ra) to be 23.4 ± 3.62 MO of the six 
cells. Ionic currents were examined by holding the cells 
at -100 mV and stepping to test voltages between -80 
and 80 mV in 10-mV increments. Peak sodium and 
potassium currents were extracted from these data. 
We calculated the average sodium current (7 Na ) to be 
-531.8 ± 136.4 pA, the average potassium current (I K ) 
to be 441.7 ± 113.1 pA, the average sodium current 
density [7 Na (density)] to be -57.7 ± 7.78 pA/pF, and the 
average potassium current density [I K (density)] to be 
48.2 ± 10.4 pA/pF (Figs. 5A and 5B). These data indi- 
cate that neurons generated from hES cells have volt- 
age-operated channels which can generate action po- 
tential at appropriate voltages. 

Enrichment of Neural Progenitor Cells 

Neural progenitor cells are likely to be a good source 
of cells for cell transplantation in neurodegenerative 
diseases. It has been previously demonstrated that 
neuronal-restricted and glial-restricted precursors can 
be isolated using the surface antigens PS-NCAM and 
A2B5 (15, 21). Therefore, we examined whether this 



population showed proliferative capacity and could be 
enriched using immunoselection. 

Under our proliferation conditions we identified neu- 
ral progenitor populations expressing PS-NCAM and 
A2B5. To determine if these cells could proliferate, EB 
cultures plated in proliferation medium were pulsed 
with BrdU for 24 h. Both PS-NCAM- and A2B5-positive 
cells showed BrdU incorporation (Figs. 6 A and 6B). In 
addition, our costaining data described above indicate 
that both of these populations have the capacity to form 
neurons (Figs. 2D-2H). As seen in rodent cultures, PS- 
NCAM cells appeared to be restricted to neuronal forma- 
tion. As mentioned previously, A2B5-positive cells 
showed two separate morphologies: flat cells and cells 
with neuronal morphology (Fig. 6C). A2B5-positive cells 
with neuronal morphology colocalized neuronal markers 
such as /3-tubulin III and MAP-2. In addition, A2B5 and 
PS-NCAM had overlapping expression, which was re- 
stricted to cells with neuronal morphology (Fig. 6D and 
data not shown). A small number of the flat A2B5 cells 
also expressed GFAP. However, GFAP expression was 
not restricted to A2B5 cells. 

It has previously been demonstrated that these cell 
populations can be enriched using immunoselection tech- 
niques (15, 21). Therefore, we used magnetic bead sorting 
or immunopanning to enrich A2B5-positive and PS- 
NCAM-positive cells. In these experiments, the EBs were 
maintained in the absence of RA before plating in prolif- 
eration medium. At the time of selection, cultures con- 
tained approximately 56 ± 14% PS-NCAM-immunoreac- 
tive cells and 65 ± 9% A2B5-immunoreactive cells. After 
selection, these populations could be enriched to 86 ± 6% 
PS-NCAM-positive cells or 91 ± 2% A2B5-positive cells 
(four separate experiments using two cell lines). An ex- 
ample of this type of enrichment is shown in Fig. 6E, in 
which the starting population of HI p47 hES cells con- 
tained 53% PS-NCAM-positive cells. After immunoselec- 
tion, the negative population contained 27% PS-NCAM- 
positive cells and the positive population contained 91% 
PS-NCAM-positive cells. 

Immunoselected cells were maintained in defined 
medium supplemented with 10 ng/ml NT-3 and 10 
ng/ml BDNF. Using H7 p30 cells immunoselected for 
PS-NCAM, we found that after 14 days of differentia- 
tion in NT-3 and BDNF, a subpopulation of the NCAM- 
positive cells colocalized j3-tubulin III or MAP-2 (Figs. 
7A and 7B). Cell counts showed that 25 ± 4% of the 
cells were MAP-2 immunoreactive and 3 ± 1% of the 
MAP-2-positive cells were TH positive (Fig. 7E) while 
only 1.9 ± 0.8% of the MAP-2-positive cells were GABA 
positive (Fig. 7D). GFAP-immunoreactive cells were 
also identified in these cultures (3.2 ± 0.6%), but GFAP 
did not colocalize with PS-NCAM (Fig. 7C) or the other 
neuronal markers. GalC immunoreactivity was not 
identified in these cultures. 

A2B5-enriched cells, on the other hand, have the 
capacity to generate both neurons and astrocytes. 
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FIG 6. Enrichment of neural progenitor cells using immunoselection. huEBs were maintained in 10 uM RA for 4 davs and then olateri 
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A2B5-immunoselected cells were subjected to the same 
differentiation protocol as PS-NCAM cells. As seen in 
the parent population, A2B5-immunoreactive cells 
were either flat cells or cells with neuronal morphol- 
ogy. After 2 weeks under differentiation conditions, 
A2B5 cells showed colocalization with j3-tubulin III or 
MAP-2 (Figs. 7F and 7G). Cultures of H9 p26 A2B5 
cells had 32 ± 3% MAP-2-positive cells. In addition, 
3 ± 1% of the MAP-2 cells were TH positive (Fig. 7 J) 
while only 0.6 ± 0.3% were GABA immunoreactive 
(Fig; 71). A very small percentage of the cells (0.73 ± 
0.6%) expressed GFAP. Some of the A2B5 flat cells 
colocalized GFAP (Fig. 7H). There was also a popula- 
tion of GFAP cells that did not express A2B5. 



Human Fetal Cells Differentiate into Neural 
Derivatives 

The differentiation of ES cells is believed to recapit- 
ulate normal development. The results described above 
indicate that hES cell lines generate PS-NCAM- and 
A2B5-immunoreactive cells that can generate multiple 
neuronal phenotypes. To determine if similar cells 
were present in fetal neural tube cultures, we obtained 
first-passage fetal cells (12-20 weeks gestation, from 
Clonetics) and examined them for the presence of PS- 
NCAM-immunoreactive cells. Fetal cultures were a 
mixed population of cells with a substantial fraction 
expressing nestin, A2B5, or GFAP immunoreactivity 
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(23) (Figs. 8A and 8C). A subset of cells (40-50%) 
expressed PS-NCAM immunoreactivity (Fig. 8D). PS- 
NCAM-immunoreactive cells coexpressed other neuro- 
nal markers (Fig. 8C and table in Fig. 8B). A subset of 
the PS-NCAM-immunoreactive and £ tubulin III cells 
were dividing cells indicating the existence of a divid- 
ing NRP population (Fig. 8C). As in differentiated ES 
cell cultures, expression of A2B5 was limited to a small 
proportion of the neuronal population and was also 
expressed by nonneuronal cells (Fig. 8J). Thus, ES cell 
differentiation generates cells similar in morphology 
and phenotype as those present in fetal cultures. To 
test the differentiation of PS-NCAM-immunoreactive 
cells, these cells were grown under differentiation con- 
ditions and their ability to generate differentiated neu- 
rons was tested. As described for ES cell cultures, 
PS-NCAM-immunoreactive cells differentiated into 
cells that became postmitotic and expressed different 
kinds of neurotransmitters/synthesizing enzymes 
[Figs. 8E-8H and (23)]. PS-NCAM immunoreactivity 
did not colocalize with markers for astrocytes or oligo- 
dendrocytes (data not shown). 

DISCUSSION 

We have shown that multiple human ES cell lines 
maintained in an undifferentiated state for 26-31 pas- 
sages or 125-150 population doublings express charac- 
teristic markers and are capable of differentiating into 
multiple neural derivatives. Neuronal cells that differ- 
entiate from hES cell cultures express PS-NCAM and 
mature in culture to synthesize different classes of 
neurotransmitters. PS-NCAM-immunoreactive cells 
can be immunoenriched and the PS-NCAM-expressing 
cells do not appear to generate astrocytes or oligoden- 
drocytes, but retain the ability to generate multiple 
neuronal phenotypes. 

In contrast, ES cell-derived A2B5-immunoreactive 
cells appear to be a mixed population of cells that can 
generate both neurons and astrocytes. These cells can 
also be immunoenriched and the resulting population 
retains the ability to generate neurons and astrocytes. 
Thus, human ES cells can be induced to differentiate 
into neural derivatives that express lineage-specific 
markers under appropriate differentiation conditions 
and neuronal derivatives can be isolated using cell 
surface labels. 

Comparison of human ES cell cultures with their 
rodent counterparts revealed some important differ- 
ences. As shown previously, undifferentiated hES cells 
expressed SSEA-4 immunoreactivity, an antigen that 
is not expressed in undifferentiated mouse ES cells. In 
addition, the undifferentiated hES cells do not appear 
to require LIF (27, 31). Of particular importance is our 
observation of /3-III tubulin expression in colonies of 
undifferentiated hES cells. These /3-III tubulin-immu- 
noreactive cells did not appear neuronal either by mor- 



phology or by coexpression of other neuronal markers. 
These cells were not included in our analysis of neuro- 
nal differentiation and only J3-III tubulin-immunoreac- 
tive cells that showed neuronal morphology and coex- 
pressed other neuronal markers were considered neu- 
rons. 

A further difference between the mouse and human 
cells is the response to retinoic acid. Using the stan- 
dard neural induction protocol for mouse ES cells (3) 
with 4 days of EB culture without RA and 4 days with 
1 /xM RA and then plating the EBs in defined medium 
did not result in enhancement of neuronal formation. 
However, increasing the RA concentration 10-fold, as 
has been demonstrated in human EC lines (8, 24), 
resulted in a 5-fold increase in the number of MAP-2- 
positive neurons formed after terminal differentiation. 
Furthermore, we found that EBs maintained in 10 /iM 
RA and then plated in mitogens resulted in cultures 
that contained as much as 90% A2B5- or PS-NCAM- 
positive cells. 

PS-NCAM- and A2B5-positive cells were very abun- 
dant in our differentiated hES cultures maintained in 
mitogens. Immunocytochemistry shows the presence of 
various neurotransmitters after further differentia- 
tion. In addition, we found that hES cells can differen- 
tiate into mature neurons that generate action poten- 
tials. However, spontaneous action potentials were not 
detected, even though synaptophysin immunoreactiv- 
ity indicates the presence of synapses. This finding 
may be due to the fact that cells selected for electro- 
physiological examination were somewhat isolated 
from the other cells in the culture (for ease^of detec- 
tion). Alternatively, there may be a relatively low num- 
ber of excitatory neurons or the synapses may be im- . 
mature. Ninety-four percent of the neurons assayed 
responded to depolarization (50 mM potassium). Neu- 
rons derived from human cell populations expressed 
voltage-gated sodium and potassium channels, re- 
sponded to ligands such as glutamate and acetylcho- 
line, but did not fire action potentials (23). Ligand- 
gated currents evoked by GABA, glutamate, and kai- 
nate developed slowly in vitro, requiring up to 70 days 
in differentiation culture before expressing maximal 
responses (7). Of particular importance is our finding 
that hES-derived neurons respond to dopamine and 
produce TH. At the time of these experiments, the hES 
cells had undergone as many as 150 population dou- 
blings. In each experiment we found that about 3% of 
the neurons expressed TH. 

Similar to PS-NCAM-expressing cells, A2B5-immu- 
noreactive cells were very abundant under our culture 
conditions. These cells generated both neurons and 
astrocytes suggesting that A2B5 immunoreactivity is 
not exclusive to either neuronal or glial precursors. 
This may indicate that the A2B5 epitope is expressed 
by at least two populations of cells in cultures. A subset 
of the A2B5-immunoreactive cells appear neuronal and 
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double labeling shows that these cells coexpress PS- 
NCAM and MAP-2 immunoreactivity. In addition, we 
noted a more fibroblastic-appearing cell that did not 
express neuronal markers and resembled the A2B5- 
immunoreactive cells identified in rodent ES cell cul- 



tures (21). A small subpopulation of these fibroblastic- 
like cells also expressed GFAP, but it is unclear what 
cell type the remaining population represents. In con- 
trast to the rapid and robust maturation of neurons, 
few astrocytes were detected. A subpopulation of the 
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XTuJf 8 eX T SSed CD " 44 ' 3 CCl1 Surface glycoprotein 
that is the predominant receptor for hyaluronate and is 
expressed by astrocytes in the adult brain Recent 
studies in the chick embryo have suggested that CD-44 
may recognize astrocyte precursors (1,17) We there 
fore examined differentiating ES cell cultures for 
UD-44 expression. Coexpression of CD-44 and GFAP 
was seen in a substantial number of astrocytes. Since 
the antibody we have used recognizes an extracellular 
epitope, this antibody can be used to label and sort 
astrocyte and astrocyte precursor populations 

Our data show that hES-derived progenitors have 
similar characteristics to progenitors derived from pri- 
mary human spinal cord. We found that the hES-de 
rived PS-NCAM neuronal progenitors had the same 
characteristics as cells from primary tissue. One of the 
advantages of the hES-derived cells is the abundance 
ol starting material, which allows the generation of 
large quantities of neurons. 

In summary, our results demonstrate that hES cells 
have the capacity to generate mature, functional neu- 
rons m vitro. In addition, hES cells can generate more 
restricted precursor cells that can be enriched by the 
addition of RA or by immunoselection, or both These 
data indicate that human ES cells provide an abun- 
dant and scalable source of cells for the isolation of 
these cell types for therapeutic and drug discovery 
applications; y 
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The study of human cardiac tissue development is hampered by the lack of a suitable in vitro model. 
We describe the phenotypic properties of cardiomyocytes derived from human embryonic stem (ES) 
cells. Human ES cells were cultivated in suspension and plated to form aggregates termed embryoid 
bodies (EBs). Spontaneously contracting areas appeared in 8.1% of the EBs. Cells from the sponta- 
neously contracting areas within EBs were stained positively with anti-cardiac myosin heavy chain, 
anti-a-actinin, anti-desmin, anti-cardiac troponin I (anti-cTnl), and anti-ANP antibodies. Electron 
microscopy revealed varying degrees of myofibrillar organization, consistent with early-stage car- 
diomyocytes. RT-PCR studies demonstrated the expression of several cardiac-specific genes and tran-. 
scription factors. Extracellular electrograms were characterized by a sharp component lasting 30 ± 25 
milHseconds, followed by a slow component of 347 ± 120 milliseconds. Intracellular Ca 2+ transients 
displayed a sharp rise lasting 130 ± 27 milHseconds and a relaxation component lasting 200-300 mil- 
Hseconds. Positive and negative chronotropic effects were induced by application of isoproterenol and 
carbamylcholine, respectively. In conclusion, the human ES cell-derived cardiomyocytes displayed 
structural and functional properties of early-stage cardiomyocytes. Establishment of this unique dif- 
ferentiation system may have significant impact on the study of early human cardiac differentiation, 
functional genomics, pharmacological testing, cell therapy, and tissue engineering. 

J. Clin. Invest 108:407-414 (2001). DOI:10.1172/JCI200112131. 



Introduction 

The study of early human cardiomyocyte development 
is hampered by the lack of a suitable model. Hence, 
valuable information regarding the difFerentiation of 
early human cardiac precursor cells, the development of 
excitability, excitation-contraction coupling, and the 
molecular signals involved in these processes is largely 
lacking. In addition, adult cardiomyocytes permanent- 
ly withdraw from the cell cycle and therefore cannot 
regenerate. Hence, significant loss of cardiomyocytes is 
irreversible and leads to the development of progressive 
heart failure. A potential novel therapeutic approach for 
this situation is to increase the number of functional 
myocytes within the depressed region by implantation 
of myogenic cells. Recent studies demonstrated that 
fetal cardiomyocytes could survive in infarcted tissue, 



differentiate, and possibly improve cardiac performance 
(1, 2). Given that human fetal tissue cannot be obtained 
in sufficient quantities in the clinical setting, a new 
source of human cardiomyocytes is sorely needed 

Embryonic stem (ES) cells are continuously growing 
stem cell lines of embryonic origin, first isolated from 
the inner cell mass of mouse blastocysts (3). These 
unique cells are characterized by their capacity to pro- 
liferate in an undifferentiated state for a prolonged 
period in culture, and by their ability to differentiate 
into every tissue type in the body. The advent of murine 
ES cells has provided important insights into the early 
steps of development of excitability in the mammalian 
heart, including patterns of gene expression, myofib- 
rillogenesis, ion channel development and function, 
receptor development, and calcium handling (4-9). 
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Figure 1 

Stages in EB production and differentiation, (a) 
Schematic of the three stages in human ES cell 
differentiation. Initially, the ES colonies are 
grown on top of the MEF feeder layer (left). To 
induce differentiation, cells are transferred to 
suspension, where they aggregate to form EBs 
(middle). After 10 days in suspension, EBs are 
plated on gelatin -coated culture dishes, where 
they are observed for the appearance of spon- 
taneous contractions (right), (b) Photomicro- 
graphs depicting the just-mentioned three 
stages: ES colony (left), EBs in suspension (mid- 
dle), and a contracting area in the outgrowth on 
an EB (right, arrow). 
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Given the outstanding potential demonstrated by 
mouse ES cells, it is not surprising that much effort 
has been spent on the development of human ES cell 
lines. This quest ended recently when two groups 
described the generation of human blastocyst-derived 
ES cell lines (10, 11). The human ES cells were demon- 
strated to fulfill all the criteria defining ES cells, name- 
ly, derivation from the pre- or peri-implantation 
embryo, prolonged undifferentiated proliferation 
under special conditions, and the capacity to form 
derivatives of all three germ layers. Hence, when cul- 
tured with mitotically inactivated mouse embryonic 
fibroblast (MEF) feeder layer, they could be main- 
tained m the undifferentiated state for prolonged peri- 
ods. Further studies revealed that when human ES 
cells were allowed to spontaneously differentiate they 
formed embryoid bodies (EBs) containing derivatives 
of all three germ layers (12). More recently, the effects 
of different growth factors on differentiation into var- 
ious lineages were tested in this system (13). 

In this report, we describe the use of human ES cells 
as a reproducible differentiation system for human car- 
diomyocytes. Using this system, spontaneously con- 
tracting foci were, for the first time to our knowledge 
demonstrated to have ultras true tural and functional 
propemes consistent with a cardiomyocytic phenotype 



Methods 

ES cell preparation and production of EBs. Human undif- 
ferentiated ES cells of the single-cell clone H9.2 (14) 
were grown on mitotically inactivated (mitomycin C) 
MEF feeder layer in culture medium as described pre- 
viously (10). The culture medium consisted of 80% 
knockout DMEM (no-pyruvate, high-glucose formu- 
lation; Life Technologies Inc., Rockville, Maryland 
USA) supplemented with 20% FBS (HyCIone, Logan 
Utah, USA), 1 mM L-glutamine, 0.1 mM mercap- 
toethanol, and 1% nonessential amino acid stock (all 
from Life Technologies Inc.). 

To induce differentiation, ES cells were dispersed to 
small clumps (three to 20 cells) using collagenase IV 
(Life Technologies Inc.; 1 mg/ml for 20 minutes) The 
cells were then transferred to plastic Petri dishes 
(Miniplast, Ein Shemer, Israel), at a cell density of 



about 5 x 10* cells in a 58-mm dish, where they were 
cultured in suspension for 7-10 days. During this 
stage, the cells aggregated to form EBs, which were 
then plated on 0.1% gelatin-coated culture dishes, at 
a density of one to five EBs in a 1.91-cm 2 well and 
observed microscopically for the appearance of spon- 
taneous contractions. Figure la is a schematic sum- 
marizing the different stages in EB generation. 

To assess the efficacy of the cardiomyocytic differen- 
tiating system, 1,884 EBs were plated on gelatin-coat- 
ed dishes and monitored microscopically daily for the 
presence of contractions for upto 30 days after plating 
The percentage of EBs displaying contracting areas, as 
well as the distribution of the timing of onset of spon- 
taneous beating, was evaluated. In a preliminary study 
we noted that varying ES cell density input in the sus- 
pension phase, although modifying the number of EBs 
produced, did not affect the percentage of beating EBs 
Similarly, screening of two different lots of serum also 
did not modify the cardiomyocytic yield significantly 
In addition, the effect of DMSO, a known stimulant, 
on differentiation into cardiomyocytic lineage was' 
assessed by adding DMSO (Sigma Chemical Co., St 
Louis, Missouri, USA) at a concentration of 0.75% 
(vol/vol) to the culture medium during the 10 days of 
growth in suspension. The percentage of contracting 
EBs and the timing of onset of spontaneous contrac- 
tions were examined microscopically in 454 EBs. 

Immunostaining. Contracting areas were mechanical- 
ly dissected using a pulled-glass micropipette. These 
areas were then enzymatically dispersed using trypsin- 
EDTA (0.5% trypsin, 0.53 mM EDTA; Life Technolo- 
gies Inc.) for 15 minutes at 37°C Cells were plated on 
laminin-coated glass coverslips at a low density to 
allow visualization of individual cells, incubated for 48 
hours, fixed using 4% paraformaldehyde with sucrose 
and permeated using 0.5% Triton X-100 (Sigma Chem- 
ical Co.). Cells were blocked with 10% BSA and incu- 
bated with primary antibodies overnight at 4°C. Pri- 
mary antibodies used were mAb's for myosin cardiac 
heavy chain oc/p at a dilution of 1:50, mAb's for cardiac 
muscle troponin I at a dilution of 1:5,000, mAb's for 
desmin at a dilution of 1:100, and polyclonal antibod- 
ies for atrial natriuretic peptide (ANP) at a dilution of 
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1:250 (all from Chemicon International Inc., Temecu- 
la, California, USA). Staining of sarcomeric a-actinin 
and nebulin was performed using anti-sarcomeric 
a-actinin mAb J s at a dilution of 1:800 and anti-nebu- 
lin mAb's at a dilution of 1:200 (both from Sigma 
Chemical Co.), respectively. After three washes with 
PBS, cells were incubated with secondary donkey anti- 
mouse, FITC-conjugated IgG antibodies, absorbed 
against human tissue for myosin heavy chain, desmin, 
and troponin I staining, or rhodamine-conjugated 
anti-rabbit IgG antibodies for a-actinin, ANP, and 
nebulin staining (both from Chemicon International) 
at a dilution of 1:100 for 1 hour at room temperature. 
Preparations were examined using fluorescence 
microscopy. Dispersed cells isolated from noncon- 
tracting EBs served as controls. 

RT-PCR. Total RNA from undifferentiated ES cells 
and contracting EBs was extracted using TRI reagent kit 
(Sigma Chemical Co.) according to the manufacturer's 
. instructions. cDNA was synthesized from 1 |ig total 
RNA using Superscript II reverse transcriptase (Life 
Technologies Inc.). cDNA samples were subjected to 
PCR amplification with primers selective for human 
cardiac genes. The PCR primers and the reaction condi- 
tions used are described in Table 1. The PCR products 
were size fractionated by 2% agarose gel electrophoresis. 

Electron microscopy. For transmission electron 
microscopy, the spontaneously contracting areas were 
mechanically dissected. The tissues were fixed in 3% glu- 
taraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4°C 
for 24 hours, postfixed in 1% Os0 4 in the same buffer 
for 1 hour, dehydrated in graded ethanols, and embed- 
ded in Epon 812. Thin (60-90 nm) sections were used 
for ultrastructural evaluation using a JEOL USA Inc. 
100 SX transmission electron microscope (Peabody, 
Massachusetts, USA) operating at 80 kV. 

Table 1 

PCR primers used in this study 



Gene product 
hANP 

MLC-2A 

MLC-2V 

GATA4 

0t-Myosin heavy chain 

Occ-4 

Nkx2.5 

cTnT 

cTnl 

GAPDH 



Primer 

GAACCAGAGGGGAGAGACAGAG 
CCCTCAGCTTG CI I I I I AG GAG 

ACAGAGTTTATTGAGGTGCCCC 
AAGGTGAAGTGTCCCAGAGG 
TATTG G AA C ATG G CCTCTG GAT 
G GTGCTG AAG G CTG ATTACGTT 

AGACATCGCACTGACTGAGAAC 
G AC G GGTC ACTATCTGTG C AAC 
GTC ATTG CTG AAAC CG AG A ATG 
G C AAAGTA CTG G ATG AC AC G CT 

GAGAACAATGAGAACCTTCAGGAGA 
TTCTGGCGCCGGTTACAGAACCA A 
CTTCAAGCCAGAGGCCTACG 
CCG CCTCTGTCTTCTTC AG C B 

GGCAGCGGAAGAGGATGCTGAA 
GAG G CACC AAGTTGG GCATG AACG A c 
CCCTGCACCAGCCCCAATCAGA 
CGAAGCCCAGCCCGGTCAACT^ 
AGCCACATCGCTCAGACACC 
GTACTCAGCGGCCAGCATCG 0 



Extracellular electrophysiological recording and pharmaco- 
logical studies. Intact contracting areas within the EBs 
were mechanically dissected using a pulled-glass 
micropipette and plated on gelatin-coated multielec- 
trode arrays (ME A; Multi Channel Systems MCS 
GmbH, Reutlingen, Germany) (18). The MEA consists 
of 60 titanium nitride electrodes with gold contacts 30 
\im in diameter with an interelectrode distance of 200 
|lm. The contracting areas were plated on top of the 
MEAs, and cells were confluent over the electrodes. 
However, in some EBs with relatively small contract- 
ing areas, the contracting area did not cover all elec- 
trodes; hence, recordings were performed from fewer 
than 60 electrodes. Extracellular signals were recorded 
simultaneously from all 60 electrodes at 25 kHz and 
were band-pass filtered from 1 to 3,000 Hz. Recordings 
were performed in culture medium at 37° C. A pH of 
7.4 was maintained using perfusion with air contain- 
ing 5% C0 2 . Chronotropic responses were assessed by 
extracellular recordings for 10 minutes before and 
after the culture medium was replaced by a medium 
containing 1CH M isoproterenol, 10" 6 M carbamyl- 
choline, 10~ 5 M 3-isobutyl- 1-methylxanthine (IBMX), 
or 10~ 6 M forskolin (all from Sigma Chemical Co.). 

Intracellular calcium ([Ca 2+ ]i) transients. The EBs were 
loaded with fura 2-AM (Molecular Probes Inc., Eugene, 
Oregon, USA) for 25 minutes at room temperature 
(24-25 °C) at a final concentration of 5 fiM, in a 1:1 
mixture ofTyrode's solution. EBs were then transferred 
to a nonfluorescent chamber mounted on the stage of 
an inverted microscope (Diaphot 300; Nikon Inc., 
Tokyo, Japan). The chamber was perfused with 
Tyrode's solution at a rate of 1 ml/min. Experiments 
were performed at 37° C. Fura 2 fluorescence was meas- 
ured using a dual-wavelength system (Deltascan; Pho- 
ton Technology International, Lawrenceville, New Jer- 



reaction condition 


Product size (bp) 


35 cycles at 61 °C in 1 mM MgCI 2 


406 


35 cycles at 61 °C in 1 mM MgCI 2 


381 


35 cycles at 61 °C in 1 mM MgCI 2 


382 


30 cycles at 60°C in 1 mM MgCl 2 


475 


40 cycles at 61 °C in 2 mM MgC! 2 


413 


35 cycles at 55°C in 1.5 mM MgCI 2 


219 


35 cycles at 55°C in 1.5 mM MgCI 2 


233 


35.cycles at 60°C in 1.5 mM MgCI 2 


150 


35 cycles at 60°C in 1.5 mM MgCI 2 


250 


25 cycles at61°C in 1.5 mM MgCI 2 


302 



hANP, human ANP; Oct-4, octamer-binding protein 4. A Ref. 1 5. B Ref. 16. c Ref. 17. °Ref. 12. 
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Figure 2 

Cumulative percentage ofEBs containing spontaneously contracting 
areas as a function of the number of days after plating of the EB. 



sey, USA) as described previously (19). Briefly, two dif- 
ferent wavelengths (340 and 380 nm) were used for 
excitation, and the emitted fluorescence (510 nm) was 
collected and detected by a photomultiplier tube (710 
PMT, photomultiplier detection system; Photon Tech- 
nology International). Raw data were stored for off-line 
analysis by the FeliX software (Photon Technology 
International) as 340 and 380 nm counts and as the 
ratio R - Fuo/Fsm. The Savitzky-Golay smoothing algo- 
rithm was used to reduce noise level. 

Statistical analysis. Data are expressed as mean ± SD To 
assess possible chronotropic effects, the average sponta- 
neous beating rate was compared before and after drug 
application using two-tailed paired Student's t test. P val- 
ues less than 0.05 were considered significant. 

Results 

Human ES cell-derived cardiomyocytes form spontaneously 
contraaingareas. Figure lb depicts typical examples of 
ES colonies grown on top of the MEF feeder layer the 



formation of EBs during the suspension phase, and an 
EB containing a contracting area after plating. Rhyth- 
mically contracting areas appeared at 4-22 days after 
plating. Figure 2 illustrates the cumulative percentage 
of EBs containing contracting areas as a function of 
the time after placing. Such contracting areas appeared 
in 153 (8.1%) of the 1,884 EBs studied. At 1 1-12 days 
after plating, 50% of the plateau value was reached 
The contracting areas usually appeared in the out- 
growth of the EB, with a diameter range of 0 2-2 mm 
and continued to beat vigorously for up to 5 weeks 
(the longest period studied). DMSO at a concentration 
of 0.75% did not cause a major change in the percent- 
age of beating EBs, with 46 of 454 (10.1%) of the EBs 
demonstrating contracting areas. 

Structural analysis. Light microscopy revealed that the 
contracting areas were composed mainly of relatively 
small mononuclear cells, 10-30 Urn in diameter, with 
round or rod-shaped morphology. Transmission elec- 
tron rmcroscopy of these cells revealed mononuclear 
cells, with parallel arrays of myofibrillar bundles ori- 
ented in an irregular manner in some cells (Figure 3a) 
whereas more mature sarcomeric organization was' 
apparent ,n others (Figure 3, b and c). The degree of 
myofibrillar organization varied within different areas 
of the same cell, among different cells in the same EB 
and among different EBs. Nevertheless, in general a 
shift from an immature phenotype manifested by dis- 
organized myofibrillar stacks in early stage EBs (Fig- 
ure 3a) to a more organized sarcomeric structure in 
later stage EBs (Figure 3, b and c) was noted. In some 
loci the formation of early and more developed Z 
bands could be observed (Figure 3, b and c). The inter- 
calated disc, another cellular structure that character- 
istically appears during in vivo cardiomyocyte differ- 
entiation, was observed in many of the differentiating 



Figure 3 

Ultrastructural analysis of ES-derived car- 
diomyocytes. (a) Transmission electron micro- 
graph of sectioned beating EB 10 days after 
plating. Relatively unorganized myofibrillar 
bundles can be seen in some myocytes, (b) A 
cell 27 days after plating, displaying a more 
mature sarcomeric organization, (c) A differ- 
ent cell from the same EB as in b, demonstrat- 
ing more organized sarcomeres and Z-bands 
(arrow), (d) High-power electron micrograph 
showing the presence of a gap junction 
(arrow) from a cell 16 days after plating, (e) 
High-power electron micrograph showing the 
presence of desmosomes (arrow) from a cell 
1 6 days after plating. 
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EBs. Hence, intercalated discs composed of gap junc- 
tions and desmosomes were observed to connect adja- 
cent cells (Figure 3, d and e). 

Using immunocytochemistry, the presence of cardiac- 
specific proteins and their spatial organization were 
studied in dispersed cells forming contracting EBs. Fig- 
ure 4a shows positive immunostaining of dispersed 
myocytes with anti-cardiac a/(3-myosin heavy chain 
mAb J s. Varying degrees of myofibrillar organization 
were noted among the cells. The staining patterns 
ranged from cytoplasmic clumps in some cells to non- 
parallel bundles of elongated fibrillar structures in oth- 
ers. Some of these bundles displayed an early striated 
pattern (Figure 4b). The contracting myocytes also 
stained positively with anti-ce-actinin mAb's (Figure 4c), 
anti-cTnl mAb's (Figure 4d), and anti-desmin mAb's 
(Figure 4e), with different cells demonstrating varying 
degrees of sarcomeric organization. In addition, the 
positive staining by anti-ANP (Figure 4f) suggested the 
presence of cytoplasmic ANP granules. In contrast to 
the positive staining with cardiac-specific proteins, cells 
from the contracting areas did not demonstrate nebu- 
lin immunoreactivity, confirming the cardiomyocyric, 
rather than skeletal, nature of the cells. 

To determine the percentage of cardiomyocytes in 
the contracting areas, the regions exhibiting sponta- 
neous contracting activity were microdissected, enzy- 
maticaily dispersed, and plated at low density to allow 
identification of individual cells by irnmunocyto- 



Figure 4 

Immunostaining of ES cell-derived cardiomyocytes. (a) Immunos- 
taining of dispersed cells from a beating EB (day 1 6 after plating) with 
anti-cardiac a/(3-myosin heavy chain mAb's. Several cells stained pos- 
itively. X40. (b) Higher magnification of a cardiomyocyte in a more 
developed stage (day 1 6 after plating). Note the appearance of early 
striation pattern (arrow). x63. (c) Positive staining with anti-sar- 
comenc CC-actinin mAb's (day 17 after plating). x63. (d) Positive 
staming with cTnl mAb's (day 30 after plating). x63. (e) Positive stain- 
ing with anti-desmin mAb's (day 18 after plating). x63. (f) Positive 
staining with anti-ANP antibodies (day 16 after plating). x63. 



chemistry. Using cTnl mAb's, the percentage of posi- 
tively stained cells was 29.4%. 

Gene expression studies. The expression of several car- 
diac-specific genes was assessed in the human ES 
cell-derived cardiomyocytes and in undifferentiated 
ES cells using RT-PCR. As shown in Figure 5, 
myocytes from contracting EBs expressed the cardiac 
transcription factors GATA4 and Nkx2.5 as well as 
the cardiac-specific genes cTnl, cardiac troponin T 
(cTnT), atrial myosin light chain (MLC-2A), ventricu- 
lar myosin light chain (MLC-2V), and OC-myosin heavy 
chain. MLC-2A expression was also noted in the 
undifferentiated ES cells, but was markedly increased 
in the contracting EBs. Octamer-binding protein 4, a 
marker of undifferentiated cells, was expressed in the 
ES cells. This expression significantly declined in the 
contracting EBs. The housekeeping gene GAPDH 
served as an internal control. 

Measurements of [Ca 2+ ]i transients. [Ca 2+ ]; transients 
were measured from spontaneously contracting'EBs 
using fura-2AM (n = 7). The average spontaneous 
beating rate was 0.9 ± 0.11 Hz. Figure 6a displays typ- 
ical recordings with an initial rise in systolic [Ca 2+ ]i 
and a slower decay. The time to peak systolic [Ca 2+ ]; 
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Figure 5 

Expression of specific markers in 
the contracting EBs. Negative 
images of ethidium-stained gels 
are shown. RNA samples from 
undifferentiated ES cells and 
contracting EBs (C-EBs) were 
analyzed by RT-PCR for the 
expression of cardiac- specific 
markers: cTnl, cTnT, GATA4, 
human ANP, MLC-2A, MLC-2V, 
Nkx2.5, and OC-myosin heavy 
chain. Octamer-binding protein 
4 (Oct-4) is an ES-cell marker. 
GAPDH served as internal stan- 
dard. "-RT" indicates nocDNA. 
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Figure 6 

Functional analysis of contracting area within the EBs. (a) Calcium transients of 
human ES cell-derived cardiomyocytes as determined by fura-2 fluorescence. A 
typical calcium transient is shown on the left, and continuous recording is shown 
on the right. T p , time to peak; T t , total transient time; T 1/2( time to half-peak relax- 
ation, (b) Typical extracellular electrophysiological recordings from different areas 
of the EB. Note the presence of a sharp and slow component. R, ratio. 



averaged 130 ± 27 milliseconds, the time to half-peak 
relaxation was 143 ± 94 milliseconds, and total tran- 
sient length was 465 ± 180 milliseconds. In all cases, 
the [Ca 2+ ]i signals were synchronous with the con- 
traction rate observed microscopically. 

Extracellular electrophysiological recordings and chronotrop- 
ic studies. Extracellular recordings from the contracting 
areas displayed electrograms consisting of a sharp com- 
ponent with a peak-to-peak amplitude of 630 ± 33 pV 
lasting 30 ± 25 milliseconds, followed by a slow com- 
ponent of 347 ± 120 milliseconds, representing the 
depolarization and repolarization processes, respec- 
tively (Figure 6b). The average spontaneous beating 
rate was 94 ± 33 beats per minute (n = 8) and was stable 
(mean frequency SD of 1.55 beats per minute) during 
a recording period of 20 minutes in all EBs studied. 

Positive and negative chronotropic responses were 
observed after administration of the (3-agonist iso- 
proterenol and the muscarinic agonist carbamyl- 
choline, respectively. Isoproterenol at 10~ 6 M signifi- 
cantly increased spontaneous contraction rate to 
146% ± 43% of its baseline value (n = 8;P < 0.01). Sim- 
ilarly, the direct adenylate cyclase activator forskolin 
and the phosphodiesterase inhibitor IBMX increased 
spontaneous contraction rate to 182% ± 48% (n = 6; 
P < 0.01) and 152% ± 77% (n = 6; P < 0.05) of its initial 
value. In contrast, the muscarinic agonist carbamyl- 
choline at 10" 6 M decreased the rate to 78% ± 20% of 
its initial value (n = 6;P< 0.05). The latter effect was 



reversed by application of the muscarinic 
antagonist atropine. All of these respons- 
es were prompt, occurring within 90 sec- 
onds of drug application. 

Discussion 

ES cells provide a unique cellular system to 
study commitment and differentiation of 
embryonic tissue under in vitro conditions. 
Cultured as EBs, murine ES cells recapitu- 
late the development of cardiomyocytes 
from very early cardiac precursor cells to 
terminally differentiated cells (7). The 
advent of the murine ES model has thus 
provided important insights into the early 
steps of cardiomyogenesis, including the 
origin, commitment, and differentiation of 
cardiac cells, patterns of gene expression, 
myoflbrillogenesis, ion channel develop- 
ment and function, and calcium handling 
(4-9). Nevertheless, there are significant 
differences between human and murine 
development, and, for ethical reasons, it is 
essentially impossible to study the postim- 
plantation human embryo directly. 

In this report, we have described a 
reproducible novel system in which 
human ES cells differentiate into car- 
diomyocytic tissue. Our results demon- 
strate that the spontaneously contract- 
ing tissue within the developing EBs contain 
myocytes portraying structural and functional prop- 
erties consistent with early-stage cardiac tissue. 4 

Several lines of evidence confirm the cardiomyocytic 
nature of these cells. Ultrastructural analysis of the dif- 
ferentiating cardiomyocytes showed that these cells 
were mainly mononuclear and round or rod-shaped, 
contained different degrees of myofibrillar bundle 
organization, and exhibited nascent intercalated discs. 
These myofibrillar structures stained positively with 
anti-human cardiac myosin heavy chain, anti-ct- 
actinin, anti-desmin, and anti-cTnl mAb's. The cells, 
however, did not exhibit immunoreactivity with anti- 
nebulin mAb's, a specific skeletal muscle sarcomeric 
protein shown to be expressed early in skeletal 
myoblast differentiation (20). 

These results are consistent with ultrastructural 
properties of early-stage cardiomyocytes and with the 
developmental process of myofibrillar assembly. Previ- 
ous studies demonstrated that during in vivo car- 
diomyogenesis, myofibrils are initially distributed in 
sparse, irregular myofibrillar arrays, which gradually 
mature into parallel arrays of myofibrils and ultimate- 
ly align into densely packed sarcomeres (21, 22). 

ES-derived cardiomyocytes express a number of car- 
diomyocyte-specific genes, including the transcription 
factors GATA4 and Nkx2.5, which play a significant 
role in heart formation in vertebrates (23). In addition, 
in this study the cardiac proteins ANP, cTnl, cTnT, 
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MLC-2A, MLC-2V, and OC-myosin heavy chain were 
also found to be expressed. MLC-2A expression was 
also noted in the undifferentiated ES cells, but was 
markedly increased in the contracting EBs. This 
expression probably reflects some background differ- 
entiation of the ES cells on the feeder layer. The pres- 
ence of both MLC-2A and MLC-2V might suggest the 
presence of a number of cardiomyocytic cell types 
within the contracting areas. 

The extracellular recordings, the [Ca 2+ ]i transients, 
and the pharmacological studies clearly demonstrate 
that the contracting areas within the EBs displayed 
physiological properties consistent with cardiomy- 
ocytic tissue and significandy differed from noncardiac 
(skeletal or smooth) muscle. All components of normal 
cardiac excitation-contraction coupling were demon- 
strated within this tissue, namely electrical activation, 
increase in [Ca 2+ ]i and the resulting contraction. 

Little is known about calcium handling in the nor- 
mal developing human heart. [Ca 2+ ]i transients in 
adult human atrial tissue, studied using fura-2 (24), 
were similar to the ones recorded in the present study 
with respect to total duration of the [Ca 2+ ]; transient 
and to time of half-peak calcium relaxation. However, 
the time to peak transient in the EBs (130 ± 27 mil- 
liseconds) was longer than the one obtained in human 
atrial myocytes (52.5 ± 3.1 milliseconds). This differ- 
ence may have been the result of a number of causes. 
In the murine ES model, the contracting areas within 
EBs were shown to be a mixture of atrial, ventricular, 
and sinus nodal cells (25). Given that different car- 
diomyocyte types display different calcium character- 
istics (26), it is possible that the [Ca 2+ ]j transients 
measured in whole beating EBs, in the current study, 
represent a superposition of a mixed population of 
myocytes with fast and slow cell characteristics. Alter- 
natively, the lower rate in [Ca 2+ ]i rise may have been 
due to lower efficiency and immaturity of the calcium 
machinery in early developing cardiac cells. 

The extracellular recordings demonstrated a sharp 
and a slow component most probably consistent with 
a relatively long action potential duration characteris- 
tic of cardiomyocytes. Fetal and neonatal human 
skeletal muscle cells in culture, on the other hand, dis- 
play a much shorter action potential, with mean 
action potential duration at 50% of depolarization 
(APDso) of only 7.5 milliseconds (27). The positive and 
negative chronotropic responses to isoproterenol and 
carbamylcholine demonstrated the presence of func- 
tional adrenergic and cholinergic receptors, respec- 
tively, in pacemaker cells. A major pathway of the 
p-adrenoreceptor-dependent chronotropic response 
is the activation of adenylate cyclase and the conse- 
quent rise in cytosolic cAMP and stimulation of pro- 
tein kinase. The positive chronotropic effect exerted by 
forskolin, a direct activator of adenylate cyclase, and by 
IBMX, a phosphodiesterase inhibitor, suggests that 
this signaling pathway is already present early in 
human cardiomyocytic differentiation. 



Differences between the murine and human models. Sever- 
al differences distinguish human and mouse ES cells. 
Human ES cells have a slighdy different morphology 
and form flatter colonies. The stage-specific embryon- 
ic antigen- 3 and antigen-4, as well as TRA-1-60 and 
TRA-1-81, have been shown to be expressed by human 
but not by mouse ES cells (10). In contrast to the 
mouse, human ES cells differentiate when cultured in 
the absence of MEF feeder layer, even in the presence of 
leukemia inhibitory factor. 

The differences between the human and mouse cell 
lines are not limited to the stem cells. In the normal 
embryo, heart formation begins with the initiation of 
differentiation by myocardial and endocardial precur- 
sors and leads up to the formation of the cardiac valves. 
These events cover the first 12 days in the life of a mouse 
embryo and the first 35 days in the life of a human . 
embryo (23). It is not surprising, therefore, that differ- 
entiation of human ES cells into cardiomyocytes pro- 
ceeds at a slower rate than in mouse ES cells. In the 
mouse model, ES cells are cultivated in hanging drops 
for 2 days and are further cultivated as EBs in suspen- 
sion for 5 days. Spontaneously contracting areas appear 
1 day after plating, and, within 2-10 days, 80-90% of 
EBs reveal pulsating areas (28). In the human ES cell dif- 
ferentiation system described here, cells were grown in 
suspension for 10 days, and spontaneous contractions 
did not commence before day 4 after plating, with the 
median value being 11 days. Furthermore, only 8.1% of 
EBs revealed pulsating areas. These variations may rep- 
resent differences between the species, differences 
between the cell lines, or some yet undetermined factor 
required in the in vitro differentiation of human ES 
cells. Several factors that may be optimized in the future 
to increase cardiomyocytic yield include different serum 
content, length of suspension period, the use of growth 
factors, or the use of supporting stroma. 

Morphologically, in vitro differentiation of human 
and mouse ES cells appears to follow parallel pathways. 
The assembly of the Z-line from periodically aligned 
Z-bodies and the transition from disorganized myofib- 
rils to the more organized sarcomeric pattern described 
here have also been noted in the mouse model (7). In 
the two models, different degrees of myofibrillar 
assembly coexist within adjacent cardiomyocytes in the 
same EB and within the same cell. Nevertheless, in the 
human model, ultrastructural maturation proceeded 
much more slowly, seemed more heterogeneous, and 
did not reach the fully mature adult phenotype during 
the observation period. 

Possible research and clinical applications. Establishment of 
a cardiomyocyte differentiating system from human ES 
cells may become a powerful tool for understanding car- 
diac development and function, as human cardiomy- 
ocytes are not accessible in adequate quantities for 
research, especially at this early stage of difTerentiation. 
Specifically, important insights may be gathered with 
regard to the mechanisms involved in cardiac lineage 
commitment, the process of sarcomeric organization, 
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action potential and ion channel development, pace- 
maker organization, calcium handling, and establish- 
ment of the adrenergic and cholinergic receptors, as well 
as the molecular signals involved in these processes 

Another attractive application of these cells is in cell 
replacement therapy. Adult cardiomyocytes withdraw 
permanently from the cell cycle during differentiation; 
hence, any significant loss of cardiomyocytes (as occurs 
tor example, during myocardial infarction) is irreversible 
and leads to diminished cardiac function and to the 
development of progressive heart failure. A potential 
novel approach for this situation may be the implanta- 
tion of myogenic cells within the infarcted tissue (1, 2, 
29, 30). Although a number of myocyte preparations 
have been suggested, the inherent electrophysiological 

stmcrural,andcontractile P ropertiesofcardiomyocytes' 
strongly suggest that they may be the ideal donor cell 
type. Because human fetal cardiomyocytes cannot be 
obtained in sufficient numbers for clinical purposes, the 
use of cardiomyocytes derived from ES cell lines may 
become an attractive option. Nevertheless, several obsta- 
cles must be overcome in order to achieve this goal 
including the generation of enriched and relatively pure' 
cardiomyocyte cultures and the establishment of differ- 
ent strategies to counter immune rejection 

In summary, this study described the generation of a 
reproducible cardiomyocyte differentiation system from 
human ES cells. The generated myocytes were shown to 
display functional and structural properties consistent 
with early-stage cardiomyocytes. The establishment of 
this unique system may have an important impact on 
the understanding of human cardiac development and 
function, and may provide a powerful research and clin- 
ical tool in several fields such as pharmacological and 
topological testing, functional genomics, early car- 
diomyogenesis, cell therapy, and tissue engineering. 
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Cell therapy is emerging as a promising strategy for myocardial repair. This approach is hampered, however, by the lack 
of sources for human cardiac tissue and by the absence of direct evidence for functional integration of donor cells into 
host t.ssues. Here we investigate whether cells derived from human embryonic stem (hES) cells can restore myocardial 
electromechanical properties. Cardiomyocyte cell grafts were generated from hES cells in vitro using the embryoid body 
differentiating system. This tissue formed structural and electromechanical connections with cultured rat cardiomyocytes in vivo 
integration was shown in a large-animal model of slow heart rate. The transplanted hES cell-derived cardiomyocytes paced the 
hearts of swine with complete atrioventricular block, as assessed by detailed three-dimensional electrophysiological mapping and 
histopathological examination. These results demonstrate the potential of hES-cell cardiomyocytes to act as a rate-responsive 
biological pacemaker and for future myocardial regeneration strategies. 



.0 

3 

•4-1 

(0 

z 



Because the regenerative capacity of adult heart tissue is limited, any 
substantial cell loss or dysfunction, such as occurs during myocardial 
infarction, is mostly irreversible 1 and may lead to progressive heart 
failure, a leading cause of morbidity and mortality 2 . Similarly, tissue 
loss or dysfunction at critical sites in the cardiac electrical conduction 
system may result in inefficient rhythm initiation or impulse conduc- 
tion, requiring the implantation of a permanent electronic pacemaker 3 . 

Transplantation of excitable myogenic cells within the dysfunctional 
zone is a possible therapeutic approach to restoring cardiac electro- 
mechanical functions. Although several cell types have been pro- 
posed 4 " 13 , the inherent structural, electrophysiological and contractile 
•roperties of cardiomyocytes strongly suggest that they may be the 
ideal donor cell type. However, clinical application of this strategy is 
hampered by the paucity of cell sources for human cardiomyocytes 
and by the limited evidence of direct functional integration between 
host and donor cells 14 . 

Human ES cells represent a promising source of donor cardiomyo- 
cytes. These unique cell lines, isolated from human blastocysts 15,16 , 
can be propagated in the undifferentiated state in culture and coaxed 
to differentiate into derivatives of all three germ layers 17 . Recently, a 
reproducible cardiomyocyte differentiating system was established by 
culturing hES cells as three-dimensional differentiating cell aggregates 
termed embryoid bodies 18 " 21 . Cells isolated from spontaneously beat- 
ing areas of the cultures displayed structural, molecular and functional 
properties of early-stage cardiomyocytes 18-21 . More recently, we have 
demonstrated that this differentiating system generates in vitro a 
functional cardiomyocyte syncytium with spontaneous pacemaker 
activity and action-potential propagation 22 . 



Here we explore the utility of this unique tissue in cell therapy 
procedures aimed at restoring myocardial electromechanical func- 
tions. We show that excitable cardiac tissue generated from hES 
cells integrates structurally and functionally in vitro over the long 
term with rat cardiomyocyte cultures. Human ES celMerived cardio- 
myocytes were also tested in a large animal model of complete 
atrioventricular block. 

The cardiac conduction system consists of specialized cells that 
generate and conduct the electrical impulse in the heart. If this 
specialized conduction system is damaged at the atrioventricular 
junction, complete block of the electrical propagation between the 
atria and the ventricles ensues. This results in slow heart rate and 
circulatory compromise, currendy one of the major indications for 
treatment with a permanent electronic pacemaker. 

We found that hES cell-derived cardiomyocytes successfully pace 
the ventricle in swine with complete heart block. This result shows 
that the transplanted cells survive, function, and integrate with host 
cells following in vivo grafting and also provides proof-of-concept 
evidence for the ability of these cells to function as a biological 
alternative to the electronic pacemaker. 

RESULTS 

Functional integration in hybrid cultures 

The spontaneously contracting areas identified in some of the 
differentiating embryoid bodies comprised mainly small cells that 
stained positively for cardiac-specific markers (Fig. la). The myo- 
cytes were arranged in an isotropic pattern and were connected 
electrically through gap junctions. Interestingly, the hES cell-derived 
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Figure 1 Morphological and functional characterization of the hES 
cardiomyocytes. (a) Immunostaining with anti-cardiac troponin I antibodies 
(red). Note that the contracting areas consist of positively stained early-stage 
cardiomyocytes distributed in an isotropic pattern within the embryoid 
body. Nuclei were counterstained with ToPro3 (blue), (b) Positive 
immunostaining of the beating embryoid bodies with anti-Cx43 (red 
immunosignal, left panel) and anti-Cx45 (green, middle panel). Note the 
colocalization of the Cx43 and Cx45 immunosignals to the same gap 
junctions (yellow dotted staining, right panel), (c) Examples of patch-clamp 
recordings from the hES cardiomyocytes (20-30 d after plating) showing 
spontaneous action-potential generation. The action potentials recorded 
from the spontaneously beating cells, either from small clusters of cells 
(top tracing) or isolated cells (bottom tracing), were characterized by an 
embryonic-like phenotype. 
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cardiomyocytes expressed both connexin-43 (Cx43) and Cx45, which 
in many cases colocalized to the same gap junctions (Fig. lb), a 
phenomenon common to embryonic cardiomyocytes 23 . 

The beating embryoid bodies displayed stable and continuous 
activity for several weeks in culture. Whole-cell patch-clamp record- 
ings from isolated beating hES cardiomyocytes demonstrated uniform 
embryonic-like action-potential morphology and confirmed the pre- 
sence of an inherent pacemaking activity in these cells (Fig. lc). 
Detailed electrophysiological investigation revealed that the biophysi- 
cal basis for this spontaneous automaticity is a high-input resistance 
(generated by a low Kir current density) coupled with a relatively high 
sodium channel density 24 . 

We next assessed the ability of the hES cardiomyocytes to integrate 
in vitro with primary cultures of neonatal rat ventricular myocytes. The 
contracting areas within the embryoid bodies were dissected and added 
to the cardiomyocyte cultures (Fig. 2a). Within 24 h after grafting we 
could already detect microscopically, in all 22 cocultures studied, 
synchronous mechanical activity (Supplementary Movie online). 

To further characterize the functional interactions within the 
cocultures, we mapped their electrical activity with a high- resolution 
microelectrode array (MEA) mapping technique 22,25 (Fig. 2a). By 
recording extracellular potentials simultaneously from 60 electrodes, 
^SBwe were able to generate high-resolution activation maps that char- 
~ acterize impulse initiation and conduction within the cocultures. A 
typical MEA map generated during spontaneous rhythm is shown in 
Fig. 2b. In this case, electrical activation was initiated within the rat 
tissue (red) and then propagated to the rest of the coculture. Electro- 
grams recorded simultaneously from the human and rat tissues 
(Fig. 2b) demonstrated tight temporal coupling continuously for up 
to 2 1 d, the longest period studied. 

We next carried out pacing studies in which either the rat (Fig. 2c) 
or human (Fig. 2d) tissues were stimulated through one of the MEA 



Figure 2 Functional integration in the cocultures. (a) Phase-contrast 
micrograph of coculture grown on top of the MEA, showing the hES 
cardiomyocytes as a white cluster and the rat ventricular myocyte monolayer 
in black, (b) Left; detailed activation map during spontaneous activity 
showing the electrical activation originating (red area in the map) in the 
rat tissue and then propagating to the rest of the coculture, activating 
also the human tissue. Right; simultaneous recordings from the hES 
cell-derived (red electrode in Figure la) and rat {green electrode) cardiac 
tissues demonstrating synchronous electrical activity between the two 
tissue types. (c,d) Activation maps (left) and simultaneous recordings 
(right) from the rat and human tissues during pacing of either the rat (c) 
or human (d) tissue. 



electrodes. Synchronous activity was maintained in the cocultures 
during both conditions. To assess electromechanical coupling between 
the two tissues, we correlated the mechanical contractions in the hES 
cardiomyocytes, as detected by a photodiode, with the electrical 
activity. As can be seen in Fig. 3a, the mechanical contractions of 
the embryoid bodies were time-locked with the electrical activity in 
both human and rat tissues. 

The degree of electrical coupling in the cocultures was assessed 
during long-term recordings and after adrenergic stimulation and 
partial gap-junction .uncoupling. A histogram depicting the ratio 
between the activation cycle-lengths in the human and rat tissues is 
shown in Fig. 3b. The narrow peak at a ratio of 1 represents equal 
cycle lengths and confirms that electrical activity in the embryoid 
bodies was synchronous with that of the rat tissue. Isoproterenol 
(10 uM) caused a significant increase in the spontaneous beating rate 
(from 1.5 ± 0.6 to 1.9 ± 0.8 Hz, P < 0.05), but electrical coupling 
between the two cell types was not hindered (Fig. 3c). Similarly, mild 
gap-junction uncoupling using l-heptanol (0.5 mM) did not alter this 
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spatial distribution of gap J^^SS^"^ * ^ *"£ * ^^StST^S^ T « 



= 2on h. t ^ COCUJtUreS ° CCasional e P"°des of 2-1 con 

« ca™ 5? ^ n ° ted (K& 3e) - *~ of heptanol (5 Z 

I tTon^%he hi aP H JU T° n UnC ° Uplin8) tot % abo&hed oonduc- 
*- tion in the hybrid cultures, indicating the significance n f A. 

- era ;: fi^r in the sen - 



!?h E , CG rGCOrdingS in one of the an imals 
wrth complete atrioventricular block, (an:) Typical 

recordings (leads I, II and III) after the 
creation of complete atrioventricular block 
During follow-up, episodes of the junctional 
escape rhythm (a), ventricular paced rhythm (b) 

Tnl«71T r ™* aT eCt0pic rn * hm < c > ^re 
•denied. (d,e) Long-term ECG recordings using 
an implantable loop-recorder. In each animal we 
could observe three different morphologies that 
correlate with the three different ECG patterns 
described in Figure 4a-c. Note in this example 
the presence of a stable and sustained ectopic 
rhythm after cell transplantation (d). Episodes of 
the sustained ectopic activity were interspersed 
with periods of the junctional escape rhythm 
e bottom) because of their similar rates. The 
first rhythm <e, top) was correlated, during 
efectroanatomical mapping, with the new 
ventricular ectopic rhythm (electrical activation 
ongmat.ng from the transplantation site in the 
posterolateral wall), whereas the second ECG 
pattern (e, bottom) was correlated with the 
junctional escape rhythm. 
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Figure 5 Electroanatomical mapping and 
pathological correlation of the new ectopic 
rhythm. (a,b) Electroanatomical mapping of 
the junctional (left) and the new ventricular 
ectopic (right) rhythms. Maps are shown from 
anteroposterior (a) and left lateral (b) views. 
Note that the earliest activation (red) during the 
junctional rhythm (left) originated from the 
superior septum, with the posterolateral wall 
being activated last (blue-purple). In contrast 
earliest activation during the new ventricular ' 
ectopic rhythm (right) was detected at the 
posterolateral wall (red area) with the septum 
being activated last, (c) Spatial correlation 
between the electroanatomical map (left) and 
the pathological findings (right). During mapping 
a focal ablation (arrowhead) was done 2 cm away 
from the earliest activation site (arrow). Excellent 
spatial correlation was noted in pathology, with 
the ablation site (marked by the pink needle) 
being exactly 2 cm away from the cell injection 
site (blue suture), (d-f) Reproducibility of the 
electrophysiological findings. The same animal 
was mapped during two separate occasions and 
the corresponding reproducible electroanatomical 
maps are presented in a left posterior oblique 
view (d,e). A focal ablation was delivered during 
each mapping procedure on opposite sides of 
the earliest activation site. Note the excellent 
correlation in pathology (f) with the cell injection 
site (blue suture) located exactly between the two 
ablation sites (marked by the two green needles) 




0 ~L^r , 1CS) ^ an eter °P^oIogicaI ablation 

1 k 1 P atnoventricular b[ ock was immediately identified 
«- by the appearance of the typical dissociation between atrial (p waves) 

2 and ventricular (QRS deflections) activities (Fig. 4a). To prevent 
S an extremely slow heart rate in the animals immediately follow- 
er mg the creation of atrioventricular block, we also implanted 
© an electronic pacemaker and positioned its electrode at the right 

g3jv ventricular apex, s 

®hln E lT^ rdi08r T L (ECG) rCCOrdinSS after COm P lete atrioventricular 
block demonstrated the presence of a typical junctional escape rhythm 
(Fig. 4a). The source of this slow escape rhythm, which is character- 
istic of atrioventricular block, are cardiac cells with inherent pacemak- 
mg properties located distal to the site of conduction block. This 
pacemaking function is usually dormant during normal cardiac 
function but may become active when the ventricular beating rate 
slows substantially, a, occurs during complete heart block. The ECG 
recordings also showed intermittent episodes of ventricular pacing 
(Fig. 4b) resultmg from the programmed activity of the implanted 
electronic pacemaker when the spontaneous heart rate fell below a 
predetermined threshold. 
After creation of atrioventricular block, we injected spontaneously 

If IT! , f rS ° f m ^myocytes (40-150 beating 
embryoid bodies) into the posterolateral region of the left ventricle 
and marked the epicardial injection site with a suture. We also 
performed control injections of medium or nonmyocyte hES cell- 
denvatives into a completely different location in the anterior 
waU of each animal A few days after cell transplantation we 
could detect episodes of a new ventricular ectopic rhythm (Fig. 4c) 

SmiLIST^ f er r morphology (negative ^ S * 
5f i! ! rhX cwapif * Wlth the junctional (Fig - 4a) or ^ 



studkdT fi f T ^ " U ° Ut ° f the 13 

studied In five animals this ectopic activity was limited to isolated 

eaooic ?T ^ ° f ^ In thC rCmainin B six animals, tne 
ectopic activity was manifested by the presence of a regular, sustained 
and hemodynamicaUy stable rhythm (Fig. 4d). The average rate of this 
new rhythm was 59 ± ,, beats/min, which was similar to the 
junctional escape rhythm (61 ± 6 beats/min), explaining the compe- 
tition between the two rhythms observed in Jamais (Fig 4e 

with the rate increasing to 94 ± 18 beats/min after administration of 
isoproterenol (10-20 ug/min, P < 0 05) a «™™tration of 

pro^dr. 5 ^^ th r nin f t0 3n ^Physiological mapping 
IT* n i trans P lant ^n. Mapping was done 

wuh a nonfluoroscopic mapping technique that uses special locatable 
m n f 1° f nera 6 e 27 detaileCl ^-ensional electroanatomical 

ZL F s T 1 W Y nitiaUy the «PC 

rhythm (Bg. 5a b; left panels). Not surprisingly, electrical aaivation 

b tZ r 3 1 H i C r!T SeptUm (red) > With the Posterolateral wall 
being activated last (blue-purple). The average left ventricle activation 
tune was 50 ± 6 ms. In contrast, the new ventricular ectopic rhythm 
was characterized by a shift in the earliest electrical activation to the 
area of cell transplantation at the posterolateral wail (red area in 
Fig. 5a b; right panels). Activation then propagated to the rest of the 
ventricle, with the septum being activated last. Total aaivation time of 
this new rhythm was 65 ± 12 ms. In contrast, we did not note any 
ectopic activity from control sites (in which medium or noncardio- 
myocytes were injected) in the anterior wall, nor did we note any 
substantial ectopic activity in three control animals in which non- 
myocyte cells were grafted. 

To verify that the origin of the new ventricular ectopic activity was 
the site of cell grafting, we navigated the catheter to the earliest 
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ictivation site (arrow in Fig. 5c) and did a focal ablation at a nearby 
location (arrowhead). After harvesting the hearts, we noted an 
excellent spatial correlation between the electrophysiological and 
pathological findings (n = 8). Thus, the distances between the 
locations of earliest activation and ablation in the maps (19 + 5 
mm) highly correlated (r = 0.93) with the measured distances 
between the ablation and injection sites (20 ± 5 mm) in pathology 
(Fig. 5c, right). To verify the reproducibility of the source of the new 
ectopic activity, we repeated the mapping procedure in some animals. 
The acquired maps (Fig. 5d,e) were highly reproducible, and focal 
ablations delivered during each of these mapping procedures on 
opposite sides of the earliest activation were later identified with 
excellent spatial correlation in pathology (Fig. 5f). 

We next validated the presence of the grafted cells at the site of 
earliest electrical activity. Histological sections from this area identified 
the transplanted cells, which were organized as cell clusters and were 
aligned in the appropriate juxtaposition with host cardiomyocytes 
(Fig. 6a-c). The grafted cells were identified and their human 
nature was established by positive immunostaining with anti-human 
mitochondrial antibodies (Fig. 6b-e). The cardiomyocyte phenotype 
of many (but not all) of the grafted cells was confirmed using anti- 
cardiac a-actinin antibodies (Fig. 6c-*). The morphology of the 
grafted hES cardiomyoqtes (small cells with early-striated staining 



Figure 6 Histological examination of the site of earliest electrical activation, 
(a) Hematoxylin & eosin staining showing the transplanted cells within the 
myocardial tissue, (b) High-magnification immunostaining of the area of cell 
transplantation with anti-human mitochondria antibodies (red) verifying the 
human phenotype of the transplanted cells. Nuclei were counterstained with 
ToPro3 (blue). Note the clustering of human cells in the grafted embryoid ■ 
bodies, (c) Identification of the transplanted cells and their cardiac 
phenotype. The left and middle panel show the results of immunostaining 
with anti-oc cardiac actinin antibodies (cardiomyocyte phenotype, green) and 
anti-human mitochondria antibodies (identifying the grafted human cells, 
red) respectively, whereas the right panel presents the superposition of both 
images, (d) H lg h-magnification of the area marked by the box in Figure 6c 
showing that the grafted hES cardiomyocytes are small myocytes with an 
early-striated pattern, (e) High-resolution confocal image of the transplanted 
cells in a different animal. Note that in rare cases, the grafted cells matured 
to form elongated cardiomyocytes. The left and middle panel shows the 
results of immunostaining with anti-a cardiac actinin and anti-human 
mitochondria antibodies respectively, whereas the right panel shows the 
superposition of both images. 



pattern, typical of embryonic-like cardiomyocytes) closely resembled 
their in vitro structure (Fig. la) and thus had not matured substan- 
tially after in vivo transplantation. In a minority of cases, we noted 
a more advanced maturation stage of the grafted cells (Fig. 6e). In 
contrast, we did not detect any transplanted cells in sections taken 
from remote myocardial areas. 

DISCUSSION 

Cell therapy is a promising therapeutic approach to myocardial 
repair 28 . In this report, we generated spontaneously excitable cardio- 
myocyte tissue from hES cells and showed that it integrates structu- 
rally, electrically and mechanically with rat cardiac cells in vitro. We 
then demonstrated that the transplanted hES cardiomyocytes survive, 
integrate and function in vivo by showing that they pace the ventricle 
in pigs with complete heart block. 

Recent reports suggest that myocyte transplantation may improve 
cardiac function in animal models of myocardial infarction 4,1 2i2 *- 32 . 
However, it is not clear whether this functional improvement is due 
to direct contribution to contractility by the transplanted myocytes, 
attenuation of the remodeling process, amplification of an endogen- 
ous repair process or induction of angiogenesis. For example, although 
transplantation of skeletal myoblasts was shown to improve myocar- 
dial performance, gap junctions were not observed between graft and 
host tissues 4 - 33 . Yet even the presence of such gap junctions between 
host and donor cardiomyocyte tissues, as observed in some studies 8,9 , 
does not guarantee functional integration. For such integration to 
occur, currents generated in one cell passing through gap junctions 
must be sufficient to depolarize neighboring cells. 

Our results demonstrate long-term electromechanical integration 
between host and donor tissues at several levels. Electromechanical 
coupling was initially demonstrated in vitro by the presence of positive 
Cx43 iimnunostaining at the interface between the hES and rat 
cardiomyocytes and by the appearance of synchronized electrical 
and mechanical activities in these cocultures. The high degree of 
coupling was evident by the lack of local conduction delay at the 
tissues' junction, by the continuous long-term coupling and by the 
persistent coupling during altered pacemaker position, adrenergic 
stimulation and partial (but not total) gap-junction uncoupling. 

This study also provides evidence for the in vivo functional 
integration of donor cells by demonstrating the ability of h£S- 
cell cardiomyocytes to pace the heart in swine with complete atrio- 
ventricular block. Elettroanatomical mapping and subsequent 
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pathological examination confirmed that the source of the new 
ventricular ectopic rhythm was the site of cell transplantation. Never- 
theless, because it is not possible in these whole-organ experiments 
to map the electrical activity at the cellular level, we could not rule 
out that this new activity resulted from an indirect effect of the trans- 
planted cells on neighboring host cardiomyocytes. Potential mechan- 
isms for such an effect include the secretion of certain factors from the 
grafted cardiomyocytes or the generation of electronic currents be- 
tween grafted and neighboring cardiomyocytes. Similarly, we could 
not rule out cell fusion as a possible mechanism of the observed results 
Disturbances in the pacemaker function or impulse propagation 
through the cardiac conduction system may result in severe brady- 
cardia, circulatory failure and even death, and usually require the 
implantation of a permanent- electronic pacemaker. Our proof-of- 
concept study suggests the use of excitable cell grafts as a biological 
alternative to implantable devices. We chose to transplant sponta- 
neously excitable cardiomyocyte cell clusters rather than single cardi- 
omyocytes because we hypothesized that because of sink-source 
mismatches, isolated donor cells connected simultaneously to a 
number of neighboring cells will not be able to depolarize these 
cells to threshold and capture the ventricle. 

The ability of hES-cell cardiomyocytes to generate stable sponta- 
neous pacemaking activity was demonstrated at several levels Patch- 
clamp studies of isolated cells confirmed that they generate repetitive 
spontaneous action-potentials and that this automaticity stems from 
a high-input- resistance (low Kir channel density) coupled with a 
prominent sodium current and the presence of the hyperpolarization- 
activated current 24 . Continuous pacemaking activity and stable con- 
duction properties were also demonstrated at the multicellular level in 
vitro during long-term recordings of isolated embryoid bodies 22 and 
_ m the coculture experiments. Finally, studies in the complete atrio- 

i tITpf ' 1\ m ° del *° demonstrated ^ Pacemaking capacity of 
tne hhS-cell cardiomyocytes in vivo. 

The possible use of hES-cell cardiomyocytes for biological pace- 
making is further strengthened by some of their unique properties 
Besides the capability to screen the phenotypic properties of the ceUs 
ex vtvo, they could be genetically engineered to enhance their function 
^Moreover, the observation that hES-cell cardiomyocytes possess func- 
tional adrenergic and cholinergic receptors that respond with appro- 
priate chronotropic changes to specific agonists both in vitro™* and 
in vivo suggests that a biological pacemaker could function in a 
physiological, rate-responsive manner. 

The clinical application of such an approach, however, would 
require continuous fail-safe and long-term function of the grafted 
pacemaking cells, verification of which was beyond the scope of this 
study We noted sustained ectopic activity in only half the animals, 
and these episodes were interspersed with episodes of junctional 
escape rhythm. These rhythm changes were probably due to simila- 
rities in the rates and therefore competition between the two rhythms 
but we couki not rule out pacing failure of the transplanted cells. It is 
also possible that early-stage embryonic myocytes would eventually 
mature into working ventricular myocytes and lose their propensity 
for spontaneous pacemaking. In this respect, one might be able to 
combine innovative gene therapy approaches^ to biological pacing 
with a cell therapy strategy to create cell grafts with well-characterized 
long-term pacemaking properties. 

Human ES-cell cardiomyocytes may have advantages over other cell 
candidates for cardiac repair, such as the availability of potentially 
unlimited numbers of cardiomyocytes, the possibility of generating 
different cardiomyocyte cell types, the relative ease of genetic manip 
uiation of these cells and their inherent structural and functional 



cardiomyocyte properties". Nevertheless, several obstacles must be 

°Z°r IT ^ Can reach * e including the 

generation of large quantities of pure cardiomyocyte cultures the 
prevention of immune rejection and the demonstration that the graft 
survive fimcuon and improve myocardial performance in diseased 
hearts. A major concern is the possible development of ES cell-related 
Uimors such as teratomas, which were not observed in the current 

Sed^r this risk - cdk grafts must be fr - ° f * 

In summary, this report provides evidence that transplanted hES- 
cell cardiomyocytes can integrate in vitro and in vivo with host cardiac 
tissue. These results suggest the potential utility of these cells to 
serve as a biological pacemaker and for cardiac regenerative medicine 
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METHODS 

t^pVt^r^ generati0 , n »° f embfyDid bodies - u»diftW 
lated ES celk of the clone H9.2* were grown on a mitoticaUy inactivated 

sawr". embry L nic fibrobkst feeder ^ (mef > - p-- 

£Sft DMFM ^ m ^ Um ° f 2 ° % FBS 

knodcout DMEM supplemented with 1 mM L-glutamine, 0.1 mM mercapto- 

ethanol and 1% nonessential amino acids (all from Life Technologies) To 
mduce djfferent.at.on, hES celk were dispersed to small clamps (3-20 cells) 
ZferrtfT ,V D (I .r m1 ' Ufe Ted ™'°^>- The ce'us werein 
58-mm d.sh, where rhey were cultured in suspension for 7-10 d. During this 
st ge the cells aggregated to form embryoid bodies, which were then plated on 
0.1% gelatm-coated culture dishes and observed for the appearance of 
^ontaneous contractions Intact contracting areas within , he embryoid bodies 

2Td£ nCeZr^ ^ 3 *" * - * 

Patch-damp studies. For single-cell action-potential analysis, the whole-cell 
configuration of the patch-clamp technique was used. Celk were isolated from 
beatmg embryo,d bod,es by 1 -h digestion at 37 °C with collagenase B ( 1 mg/ml 
Roche Molecular Biochemical). After dissociation, cells were replated for l-fd' 

0 M 8 ^"tT d 81255 C ° VerSlipS - The patch I*** s ° ll «i°n consisted of (in 
mM): 120 KCL 1 MgCl 2 , 3 Mg-ATP, 10 HEPES, 10 EGTA, pH 7.3 The LaA 
recording solution consisted of (in mM): 140 Nad, 5.4 KC1, 1 8 Cad, 

atch^ 2 ' 1° 10 PH 7A - UPOT Seal r ~ > ^ 

patch-break, analog capacitance compensation was used. Series resistance 

comp^on was used up to 80%. Axopatch 200B, Digidatal322 and 

pClampS (Axon) were used for data amplification, acquisition and analysis. 

Generation of primary neonatal rat ventricular myocyte cultures. Primary 
monolayer cultures of neonatal rat (Sprague-Dawley) ventricular myocytel 
were prepared as previously described". Briefly, after excision, the vemX 
were mmced in Dulbecco's phosphate buffered saline (Biological indusS 

sanded Z* ^ (DBR) - AftCT Cent ^a.ion, the dispersed cells w" 
suspended in culture medmrn (Ham's F10), 5% fetal calf serum, 5% horse 
semm, 100 U/ml penicillin, 100 mg/ml streptomycin (all from Biological 
.ndustnes), 1 mM CaC> 2 and 50 mg/100 ml broLdeoxyuridme S S 
D spersed cells were then cultured on gelatin-coated (0.1%) microelecfode 
culture plates or on glass coverslips at a density of 1.5 x 10* cells/ml 

Electrophysiological and mechanical assessment of the hybrid cultures. Once 
a weU.synchroni.ed activity was established in the neonatal rat cardiomyocyte 
cultures, spontaneously contracting areas within the human embryoid bodies 
were mechanically djssected and added to the cultures. The electrophysiological 

<^T? ^ CUUUreS WCTe eXamined ™B a microelectrode array 

(MEA) data acquisition system (Multi Channel Systems) 22 -". The MEA plates 
cormst of a matrix of 60 titanium nitride-gold contact (30 um) electrodes with 
an mterelectrode distance of 100 or 200 um allowing simultaneous recording of 
the extracellular potentials at a sampling rate of 10 kHz. All recordings were 
made at 37 °C and a pH of 7.4. 
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Local activation time (LAT) at each electrode was determined by the timing 
of the maximal negative intrinsic deflection (dV/dt min ). This information was 
then used for the generation of color-coded activation maps by interpolating 
the LAT values between the electrodes using MATLAB standard two-dimen- 
sional plotting function (MATLAB 5.3.0, The MathWorks). Mechanical con- 
tractions were detected through a microscope (Axiovert 135, Zeiss) using a 
photodiode (UV100BG, EG&G). 

Immunohistochernistry. In the in vitro studies isolated embryoid bodies or the 
, cocultures were fixed in 4% paraformaldehyde. In the in vivo studies, the hearts 
were harvested, frozen in liquid nitrogen and cryo sectioned. Immunostaining 
was done using anti-human mitochondria antibodies, anti-Cx43, anti-cardiac 
troponin 1 (all from Chemicon) and ami- sarcomeric a- actinin antibodies 
(Sigma). Secondary antibodies were FITC- conjugated anti-rabbit IgG and Cy3- 
conjugated anti-mouse IgG (Chemicon) or using the Zenon Labeling Kit 
(Molecular Probes). Nuclei were counterstained by To Pro3 (Molecular Probes). 
Confocal microscopy was done using a Nikon Eclipse E600 microscope and 
Bio-Rad Radiance 2000 scanning system. 



focal radio frequency ablation (temperature, 60 °C; output, 10-40 W) to allow 
for pathological correlation. 

Note: Supplementary information is available on the Nature Biotechnology website. 
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^ Establishment of the swine complete atrioventricular block model and cell 
transplantation. The study involved 13 study pigs (30-50 kg) and 3 controls. 
<S AH animal experimental protocols were approved by the Animal Use and Care 
g Committee of the Technion Faculty of Medicine. Anesthesia was maintained 
I after intubation and mechanical ventilation with isoflurane 1%. Vascular access 
^ was obtained using cutdown of the jugular veins and carotid arteries. A 7F 
£ electrophysiological catheter was introduced to the right atrium through the 
^ jugular vein. The catheter was then navigated to the His bundle position (the 
§■ major electrical conduction pathway, connecting the atria with the ventricles), 
g Complete atrioventricular block was then created by ablating this bundle using 
O radio-frequency energy (using a 500-kHz RF generator; RFG-3C, Radionics in a 
|> temperature control mode, 60 °C). After the generation of complete atrioven- 
'E tricular block, we implanted a single chamber pacemaker (ELA Medical) and 
— positioned its electrode at the right ventricular apex to allow ventricular pacing 



if the junctional escape rate was <50 beats/min. 
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Cell transplantation. Through a left thoracotomy, we injected the hES 
cardiomyocytes (40-150 contracting embryoid bodies) at a site in the poster- 
olateral wall of the left ventricle. A suture was used to mark the exact locations 
where injections were made. In each animal, control injections using either 
medium or nonmyocyte ES derivatives were made at a different site in the 
@ anterior wall. Similar grafting experiments using nonmyocyte cell transplanta- 
A2r*\ l ° n WCre d ° ne in thC P° sterolateral wal1 in three control animals. After the 
gSjAprocedure, the animals were treated by daily injections of cyclosporin A 
^Sjrao mg/kg) and methylprednisolone (2 mg/kg) to prevent immune rejection. 
Body-surface electrocardiographic recordings were made daily to characterize 
the rate and configuration of the escape rhythm. In three animals we also 
implanted subcutaneously an implantable loop recorder (Reveal Plus, Med- 
tronic) that allows continuous recording of body-surface ECGs. 

Electroanatomical mapping. A nonfluoroscopic, catheter-based, electroanato- 
mical mapping technique (Carto, Biosense- Webster) was used to assess the 
electrophysiological activation patterns of the different ventricular rhythms. 
This system, described in detail elsewhere 26 - 27 , uses magnetic technology to 
accurately detect the location of a special beatable catheter while it is deployed 
within the heart By sampling the location of the catheter together with the 
local electrogram recorded from its tip at a plurality of endocardial sites, 
detailed three-dimensional electroanatomical maps of the cardiac chambers can 
be generated. The LAT at each sampled site was determined as the time interval 
between a fiducial point on the body-surface ECG and the steepest negative 
intrinsic deflection from the unipolar recordings. The LATs were color coded 
(red being earliest activation site and purple the latest) and superimposed on 
the three-dimensional geometry of the map. 

One to three weeks after cell injection, animals were subjected to an 
additional electrophysiological study. Detailed electroanatomical mapping of 
the left ventricle was done during the appearance of the new ectopic ventricular 
rhythm. In some animals we also mapped the junctional escape rhythm. After 
establishment of the origin of the new ectopic rhythm (earliest activation site), 
we navigated the catheter to a nearby site (usually 2 cm away) and created a 
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Insulin Production by Human Embryonic Stem Cells 
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Type 1 diabetes generally results from autoimmune 
destruction of pancreatic islet P-cells, with consequent 
absolute insulin deficiency and complete dependence on 
exogenous insulin treatment. The relative paucity of 
donations for pancreas or islet allograft transplantation 
has prompted the search for alternative sources for 
0-cell replacement therapy. In the current study, we 
used pluripotent undifferentiated human embryonic 
stem (hES) cells as a model system for lineage-specific 
differentiation. Using hES cells in both adherent and 
suspension culture conditions, we observed spontane- 
ous in vitro differentiation that included the generation 
of cells with characteristics of insulin-producing P-cells. 
Immunohistochemical staining for insulin was observed 
in a surprisingly high percentage of cells. Secretion of 
insulin into the medium was observed in a differentia- 
tion-dependent manner and was associated with the 
appearance of other p-cell markers. These findings val- 
idate the hES cell model system as a potential basis for 
enrichment of human p-cells or their precursors, as a 
possible future source for cell replacement therapy in 
diabetes. Diabetes 50:1691-1697, 2001 




Approximately 5-10% of all diabetic individuals 
suffer from type 1 diabetes. Recent studies have 
emphasized the importance of strict glycemic 
control in order to reduce ophthalmologic, neu- 
rological, and renal complications of the disease (1). Yet, 
pancreatic cell and islet cell replacement is currently con- 
sidered the only curative therapy. Indeed, this approach 
was recently shown to reverse glomerular lesions in pa- 
tients with diabetic nephropathy (2). The promise of this 
approach has recently been further strengthened by a 
report of the use of an improved, less hazardous gluco- 
corticoid-free immunosuppresive regimen in islet allograft 
transplantation (3). However, the shortage of donations is 
a primary obstacle preventing this therapeutic modality 
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from becoming a practical solution. Thus, attention has 
focused on the use of alternative sources such as xeno- 
grafts, which have other disadvantages, including the 
potential risk of undetermined zoonotic infections (4). It 
has also been reported that p-cell lines derived from 
rodents might provide an unlimited source for cell replace- 
ment therapy (5-7). In addition to the problem inherent in 
xenobiotic sources, such cell lines have been shown to 
display phenotypic instability, with loss of insulin biosyn- 
thesis and regulated secretion while proliferating. Another 
more recently described approach involves extending the 
P-cell phenotype to other tissues using in vivo gene 
transfer (8,9), either by expressing the insulin gene or an 
insulin gene analogue under the control of a glucose sen- 
sitive promoter or by ectopic expression of insulin pro- 
moter factor-1 (IPFl)/pancreatic and duodenal homeobox 
gene-1 (PDX1) (10). 

The establishment of pluripotent human embryonic 
stem (hES) cells (11,12) and embryonic germ (EG) cells 

(13) have introduced a new potential source for ceU 
therapy in type 1 diabetic patients, especially in light of 
recent successes in producing glucose-sensitive insulin- 
secreting cells from mouse embryonic stem (ES) cells 

(14) . hES cells grow as homogeneous and undifferentiated 
colonies when they are propagated on a feeder layer of 
mouse embryonic fibroblasts (MEFs) (11). As previously 
shown, they have a normal karyotype and express telom- 
erase and embryonic cell-surface markers. Removal from 
the MEF feeder layer is associated with differentiation into 
derivatives of the three EG layers, as evident from terato- 
mas formed after subcutaneous injection in nude mice 
(11). Endodermal markers, but not insulin expression, 
were reported in a previous general survey of different 
growth conditions and differentiation markers in EG cells 

(15) . Using reverse transcriptase-polymerase chain reac- 
tion (RT-PCR) applied to RNA extracted from differenti- 
ated hES cells, detection of a variety of differentiated cell 
markers, including insulin, was reported (16). However, 
quantitative aspects, including elaboration of insulin into 
the medium and percentage of insulin-producing cells, 
were not determined. Such information is crucial to assess 
the feasibility of using hES cells as a potential source for 
P-cell replacement therapy. These questions were ad- 
dressed in the current study, using the differentiation of 
the H9 line of hES cells as described by Thomson et al 
(11). Using a variety of experimental approaches, we 
found abundant cells with p-cell features, most notably 
including insulin production and secretion. 
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FIG. 1 Differentiation of hES cells in suspension culture. A: Simple EB 3 days after removal of MEF and growing in suspension cultnrP PR« 
collected every 3 days, fixed in 10% neutral-buffered formalin, dehydrated in graduated alcohol and embedded £ n3£! ™^ T EBs were 
were stained with hematoxylin and eosin day 3 (S) and day 17 (cj after differential 



RESEARCH DESIGN AND METHODS 

Tissue culture. Large stocks of primary MEFs were prepared as described by 
Robertson (17) and stored in liquid nitrogen. After each thaw, cells were used 
for only 3-5 passages. 

The hES-H9 cells were maintained in the undifferentiated state by propa- 
gation in culture on a feeder layer of MEFs that had been mitotically 
inactivated by 7-irradiation with 35 Gy and plated on gelatnvcoated six-well 
plates. Cells were grown in knockout Dulbecco's modified Eagle's medium 
(Gibco, Grand Island, NY) supplemented with 20% serum replacement 
(Gibco), 1% nonessential amino acids (Gibco), 0.1 mmol/1 2-mercaptoethanol 
(Gibco), 1 mmol/1 glutamine (Biological Industries, Bet-Haemek, Israel), 4 
ng/ml human recombinant basic fibroblast growth factor (bFGF) (PeproTech, 
Rocky Hill, NJ). Cultures were grown in 5% C0 2 , 95% humidity, and were 
routinely passaged every 4-5 days after disaggregation with 0.1% collagenase 
IV (Gibco). 

Induction of differentiation in hES cells. Methods for the induction of 
differentiation in mouse ES cells were applied herein for the induction of hES 
differentiation (17,18). In brief, -10 7 undifferentiated hES cells were disag- 
gregated and cultured in suspension in 100-mm bacterial-grade petri dishes 
(Greiner, Frickenhausen, Germany), which resulted in induction of synchro- 
nous differentiation characterized by initial formation of small aggregates and 
followed by the acquisition of the configuration of embryoid bodies (EBs) 
(19). Alternatively, hES colonies were left unpassaged until confluence (-10 
days) and were replated on gelatinized six-well tissue culture plates in the 
absence of a feeder layer. The cells spontaneously differentiated to an array of 
cell phenotypes. The growth media used in differentiation are described 
above. 

Histological analysis. EBs were collected at indicated intervals, washed 
three times with ice-cold phosphate-buffered saline, fixed overnight in 10% 
neutral-buffered formalin, dehydrated in graduated alcohol (70-100%), and 
embedded in paraffin. For general histomorphology, 5-pjn sections were 
stained with hematoxylin/eosin. 

Immunohistochemistry. Deparaffinized 5- pan sections were incubated for 90 
min at room temperature with the primary antibody: polyclonal guinea pig 
anti-swine insulin, 1:100 dilution (Dako), followed by incubation with goat 
anti-rabbit biotinylated secondary antibody. Detection was accomplished 
using streptavidin-peroxidase conjugate and aminoethyl carbazole (or diami- 
nobenzidine tetrahydrochloride) as a substrate (Histostain-SP kit; Zymed 
Lab). Counterstaining was carried out with hematoxylin. Nonimmune serum 
was used as a negative control, and normal human pancreas paraffin sections 
were used as positive controls. 

Morphometric studies. To estimate the relative percentage of cells that 
stained positive by immunohisochemistry, morphometric measurements were 
conducted as previously described (20). 

Insulin detection assay. Adherent cells, MEFs, undifferentiated hES cells, 
and cells that had differentiated spontaneously in vitro for >20 days were 
grown in six-well plates. Cells were washed three times with serum-free 
medium containing 25 mmol/1 glucose and incubated in 3 ml of serum-free 
medium for 2 h. For suspended EBs, experiments were performed in 50-mm 
bacterial-grade petri dishes. A total of 60-70 EBs per dish were exposed for 
2 h to 3 ml of serum-free medium containing either 5.5 or 25 mmol/1 glucose. 
Subsequently, conditioned media were collected, and insulin levels were 
measured using a microparticle enzyme immunoassay (AXSYM system Insulin 
kit code B2D010; Abbott) that detects human insulin with no crossreactivaty 
to proinsulin or C-peptide. 



RT-PCB. Total RNA was isolated from undifferentiated hES cells and from in 
vitro differentiated hES cells growing as EBs or as high-density cultures at 
various stages of differentiation. 

cDNA was synthesized from 7 u-g total RNA using Moloney murine 
leukemia virus RT (Promega) in IX transcription buffer containing 0.5 u.mol/1 
oligo dT cl2 _ 18) (Gibco) and 400 (imol/l deoxyribonucleotides (dNTPs). Aliquots 
of cDNA were diluted 1:5 for IPF1/PDX1, neurogenin 3 (Ngn3), octamer- 
binding transcription factor (Oct4), GLUT1, and GLUT2 or 1:2 for insulin- and 
islet-specific glucokinase (GK). Subsequent PCR was as follows: 2.5 ^1 cDNA 
(for IPFVPDX1, Ngn3, and Oct4) or 5 p.1 cDNA (for others), IX PCR buffer, 
400 jxmol/1 dNTPs, 100 ng of each primer pair, and 1 U Taq polymerase. After 
initial hot start for 5 min, amplification continued with 28 cycles for 0-actin 31 
cycles for GLUT1, 40 cycles for GLUT2, 38 cycles for GK, 36 cycles for insulin, 
37 cycles for Oct4, and 35 cycles for IPF1/PDX1 and Ngn3. Denaturation steps 
were at 94°C for 1 min, annealing at 58, 52, 50, 67,62, 55, 52, and 60°C for 1 min, 
respectively, and extension was at 72°C for 1 min and a final polymerization 
for 10 min. The amplified products were separated on 1.5% agarose gels. Each 
PCR was performed in duplicate and under linear conditions. The forward and 
reverse primer sequences used for determination of human insulin (hlns), 
IPF1/PDX1, Ngn3, and 0-actin were as follows: hlns: 5'-GCC TIT GTG AAC 
CAA CAC CTG-3', 5'-GTT GCA GTA GIT CTC CAG CTG-3' (261-bp fragment)* 
IPF1: 5'-CCC ATG GAT GAA GTC TAC f>3', 5'-GTC CTC CTC CTT TIT CCA 
C-3' (262-bp fragment); Ngn3: 5'-CTC GAG GGT AGA AAG GAT GAC GCC 
TC-3', 5'-ACG CGT GAA TGG GAT TAT GGG GTG GTG-3' (948-bp fragment)- 
and (i-actin: 5'-CAT CGT GGG CCG CTC TAG GCA 03', 5'-CCG GCC AGC 
CAA GTC CAG GAC GG-3' (508-bp fragment). The primer sequences used for 
determination of GLUT1, GLUT2, GK, and Oct4 were as previously described 
(21-23), the amplified fragments being 310, 398, 380, and 320 bps, respectively. 
Statistics. Results are expressed as means ± SE, and comparisons were 
conducted using the unpaired Student's t test 



RESULTS 

The H9 line of hES cells was used. These cells grow as 
homogeneous and undifferentiated colonies when they are 
propagated on a feeder layer of MEFs. Accordingly, spon- 
taneous in vitro differentiation of H9 cells was investigated 
after removal of cells from the MEF feeder layer using two 
different model systems. Cells grown under adherent 
conditions in tissue culture plates, in the absence of MEFs, 
displayed a pleiotropic pattern with numerous morpholo- 
gies, as previously described (24). In contrast, in vitro 
differentiation in suspension culture resulted in a more 
consistent pattern, with the formation of discrete EBs. 
One day after transfer to bacterial-grade petri dishes, cells 
failed to adhere and formed small aggregates. After 3 days 
under these conditions, EBs acquired a simple structure 
with primitive endodermal layers surrounding inner cells 
(Fig. LA) and then continued to grow in size and developed 
a more cystic structure (400-700 fun in diameter). Subse- 
quent studies were carried out using immunohistochemis- 
try to detenriine the spatial and temporal pattern and to 



1692 



DIABETES, VOL. 50, AUGUST 2001 



obtain an estimate of the relative density of cells in 
suspension-cultured EBs with insulin-producing capabil- 
ity. Hematoxylin and eosin staining of paraffin-embedded 
sections was used to provide the overall histological 
morphology of EBs. Organization of EBs started as early 
as day 3 after removal from MEFs and transfer to suspen- 
sion culture. With progressive days in suspension culture 
more complex structures became evident, such as epithe- 
lial- or endothelial-like cells lining hollow structures or 
cysts (Fig. IB and Q. 

After EB development, these cells were collected every 
3 days until day 19 for immunohistochemistry using anti- 
insuhn antibody. Pancreatic islets were used as a positive 
control (Fig. 2A), and no staining was evident using non- 
immune serum (Fig. 2F). Occasional cells expressing in- 
sulin were evident as early as 14 days of differentiation with 
a progressive increase in number through day 19 Insulin- 
expressmg cells were found either scattered throughout 
the EBs or organized into small clusters (Fig 2B-D) 
Higher magnification confirmed that immunohistochemi- 
cal staining was cytoplasmic, as expected (Fig 2E). Among 
LBs, which stained positively for insulin (60-70%) an av- 
erage of 1-3% cells positively stained at maximum density 
The remaining 30-40% of EBs were negative for insulin 
s taming. 

To characterize these insulm-containing cells, which are 
interspersed among the mixed population of spontane- 
ously differentiating adherent hES, insulin elaborated into 
the medium was measured by enzyme immunoassay in 
undifferentiated hES, differentiated hES, and MEF cells 
Growth medium contained serum replacement and 25 
mmol/1 glucose, which is essential for hES viability. Under 
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each of the experimental conditions tested, immunoreac- 
tive insulin concentration was measured at the end of a 2-h 
incubation period in 3 ml of serum-free medium in either 
six-well plates (adherent cells) or 50-mm petri dishes (EBs) 
In adherent cells, insignificant immunoreactive insulin could 
be detected in media harvested from undifferentiated hES 

£'£ 7 21 I = 6) (Fig - and none could be 

detected from a feeder layer without overlying hES How- 
ever, in media harvested after 22 and 31 days of differen- 
tiation, insulin concentrations were as follows- 126 2 ± 
17.7 u-U/ml (» = 12) and 315.9 ± 47 u-U/ml (n = 7) re- 
spectively (Fig. JL4). Similarly, as shown in Fig. ZB, insulin 
™ ™* IT si &f cantl y ^ater from 20- to 22-day EBs 
{ST I PC I dish) ' 38 with undifferentiated 

hES. No significant difference in insulin concentration 
was observed when incubations were carried out at a 
in "unol/l ambient medium glucose concentration (158 ± 
lb nU/ml, n = 6) or at a 25-mmol/l ambient medium 
glucose concentration (146.2 ± 22.1 u.U/ml, n = 6). 

The foregoing results prompted us to' examine the 
expression of other 8-cell-related genes using RT-PCR 
analysis of total RNA extracted from undifferentiated and 
differentiated hES cells. As shown in Fig. 4, insulin mRNA 
was detected in differentiated cells but not in undifferen- 
tiated hES. In parallel, islet GK and GLUT2 genes were 
also identified after but not before differentiation. Similar 
results were obtained using either EBs or high-density ad- 
herent culture conditions. On the other hand, the GLUT1 
isotype, a constitutive glucose transporter, was widely ex- 
pressed in all forms of hES, as well as in human fibroblasts 
expression of three transcription factors was examined 
As expected, mRNA expression of Oct4, a marker of the 
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plimpotent state (25,26), was detected in undifferentiated 
MS but decreased progressively during the subsequent 3 
weeks of differentiation (Fig. 4(7). We also demonstrated 
that differentiating hES cells express IPF1/PDX1 and Ngn3 
transcription factors (Fig. 4Q; together they have been 
shown to contribute to the regulation of pancreatic and 
endocrine cell differentiation (27-30). 



DISCUSSION 

As has been shown during the past two decades, embry- 
onic development of the pancreas is the result of several 
distinct but interacting mechanisms involving growth fac- 
tors epitheual-mesynchymal interactions (31), and extra- 
cellular matrix that eventually regulate the expression of 
diverse transcription factors (27,32-33). However the 
initial signal in the cascade of events that eventuate in the 
commitment of gut endoderm to develop into pancreatic 
tissue is still obscure. In our study, we provide evidence 
that a pathway for producing insulin-secreting cells with 
additional p-cell features is not an infrequent outcome in 
the course of spontaneous differentiation of hES cells in 
culture, under the conditions that we used. This observa- 
tion is a prerequisite for experimental strategies based on 
the enrichment of spontaneously appearing p-cells or their 
precursors for cell replacement therapy. The cells de- 
scribed herein produce and secrete insulin and express 
two essential genes, GLUT2 and islet-specific GK, that are 
believed to play an important role in p-cell function and 
glucose-stimulated insulin secretion (34-36) The possibil- 
ity that the insulin-staining cells are unrelated to B-cells 
and are of extraembryonic or other origin (37) is highly 
unlikely, in view of the other markers identified including 
the temporal course of appearance of p-cell developmen 
SsuS" ^ ™ W ° fthe secretion of m V Processed 

Although we have not demonstrated glucose responsive- 
ness, we cannot conclude that the cells are glucose unre- 
sponsive. As long as p-cells are not in a homogeneous or 
enriched state, rather presenting among other cell types 
we cannot isolate the effects of glucose from counterven- 
ing effects of other secretagogues. Furthermore, in the 
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absence of homogeneous cell populations, comparisons 
basedon different experimental conditions are not readily 
quantified because of the heterogeneity among EBs and 
the difficulty in normalizing insulin response to parameters 
such as protein or DNA content (38). The fine-tuning of 
insulin secretion in response to glucose requires cross-talk 
between adjacent ^ells caused by functional heterogene- 
ity, and it has been shown that isolated p-cells function 
differently compared with p-cells found in clusters or 
pseudoislets (39,40). Moreover, long-term exposure to 
high glucose levels might affect the function of such 
insulin-producing cells and reduce their responsiveness to 
acute glucose changes, as has been previously reported in 
other systems (38). This high-glucose medium is needed to 
maintain the viable growth of hES in culture, but this does 
not rule out the possibility that protocols allowing growth 
of cells with insulin-producing capability in media contain- 
ing lower glucose concentrations may restore glucose 

R e ^TTl ne !f * m T CaSC ' for tnMtoient of diabetes with 
P-cell grafts derived from differentiated hES, it will be 
necessary to demonstrate stimulus-secretion coupling af- 
ter obtaining enriched or homogeneous p-cell cultures, as 
has been demonstrated for mouse ES-derived P-cells (14) 
Recently, islet cells were successfully generated in vitro 

S^fT^ St6m CeUs of humans adult mice 
141,44) However, the major practical limitation of this 

aP ^°ft, 1 restricted nu mber of cells that can be 
cultivated from human pancreases. Hence, hES cells mav 
represent a reasonable potential alternative 

Nevertheless, before proceeding with additional efforts 
to establish this system as an alternative resource, several 
issues need to be clarified. For instance, in contrast to the 
results of in vitro differentiation of hES-1 and -2 lines 

SSL" by ( Reu ! >moff et «L (12), our H9 suspension cul- 
tures did not induce prominent cell death and did result 
in bB formation. This observation may indicate different 
characteristics of each hES-derived cell line. Currently 
used hES cells are not of clonal origin, despite their ho- 
mogenous appearance in the undifferentiated state sug- 
f S f?J£ e 1 need t0 examine *e in vitro differentiation of 
each hES-derived cell line independently or the need to 
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examine clonal hES cell lines with well-defined differenti- 
ated responses to growth factors (43). 

In terms of strategies for enriching the population of 
insulin-secreting hES-derived cell lines for further charac- 
terization and study, our results certainly indicate that the 
approach first described by Klug et al. (44) to enrich 
cardiomyocytes from mouse ES cells is potentially appli- 
cable. In the case of p-cells, the insulin promoter fused to 
a downstream selection marker could serve as the relevant 
selection tool. Indeed, this strategy was recently extended 
to enrichment of P-cells from mouse ES cells (14). Our 
findings indicate that even under conditions of spontane- 
ous differentiation from nonclonal pluripotent hES cells, 
EBs are produced with a surprisingly high representation 
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of cells with insulin-producing capacity, as compared with 
previous reports using mouse ES (6,14). Although this 
appears to occur spontaneously, it should be noted that 
the differentiation medium was supplemented with bFGF. 
Recently, Hart et al. (45) have suggested that FGF signal- 
ing may be involved in P-cell maturation, terminal differ- 
entiation, and post natal expansion. Tissue engineering 
estimates indicate that this is already a sufficient basis for 
enrichment protocols, based on the strategy described by 
Klug et al. (44). Certainly, additional protocols to enhance 
the starting number of p-cells in the mixed population of 
cells within the EBs can only improve the yield from 
enrichment strategies. Other limiting issues that may arise 
include possible senescence (46) of postdifferentiation 
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hES-ceU derivatives attributed to loss of telomerase, as we 
have reported (24). 

In conclusion, our findings clearly indicate that the 
complex differentiation pattern of hES cells includes a 
subset of cells that have many characteristics of p-cell 
function, including proinsulin and/or insulin production 
and insulin release, as well as the expression of other 
P-cell markers. Although not surprising, in view of the 
capacity of ES cells to differentiate into multiple different 
cell types, this finding is a necessary prerequisite for 
therapeutic strategies based on cell enrichment from hES 
cells as a source of cell replacement in type 1 diabetes. 
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